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While prompt initiation of antibiotics at birth due to concerns for early onset sepsis is
common, it often leads to many preterm infants being exposed to treatment despite
negative blood cultures. Such exposure to early antibiotics can impact the developing
gut microbiome putting infants at increased risk of several diseases. Necrotizing
enterocolitis (NEC), a devastating inflammatory bowel disease that affects preterm
infants, is among the most widely studied neonatal disease that has been linked to
early antibiotics. While some studies have demonstrated an increased risk of NEC,
other studies have demonstrated seemingly contrary findings of decreased NEC
with early antibiotics. Studies using animal models have also yielded differing
findings of benefit vs. harm of early antibiotic exposure on subsequent NEC
susceptibility. We thus sought to conduct this narrative review to help clarify the
relationship between early antibiotics exposure and future risk of NEC in preterm
infants. Our objectives are to: (1) summarize findings from human and animal
studies that investigated the relationship between early antibiotics and NEC, (2)
highlight important limitations of these studies, (3) explore potential mechanisms
that can explain why early antibiotics may increase or decrease NEC risk, and (4)
identify future directions for research.
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Introduction

Necrotizing enterocolitis (NEC) is a devastating disease that develops in 5%–10% of preterm

infants born less than 1500 grams (1). Exaggerated bacteria-induced gut inflammation and

necrosis that in severe cases can cause a systemic inflammatory response are considered the

central pathogenic mechanism of NEC (2). While the exact mechanisms underlying this

exaggerated inflammation remains incompletely understood, prematurity, gut dysbiosis,

genetic predisposition, formula-feeding, red blood cell transfusion, and intrauterine growth

restriction are considered risk factors (3–5). Because NEC can develop suddenly, addressing

risk factors that are potentially modifiable is a key strategy to prevent NEC and help improve

outcomes (6). Antibiotics use in the first two weeks of life has been identified as one such

risk factor that can potentially modulate risk for NEC (7). Several retrospective studies have

demonstrated that early antibiotic use is associated with an increased risk for developing NEC

(8–15). Each additional day of antibiotic exposure during the first 7–14 days of life despite

sterile blood cultures is estimated to increase the risk for NEC by 7%–20% (8, 9). However,

some studies have shown opposite results – that of a protective effect of early antibiotics and

NEC. In fact, randomized controlled trials (RCTs) from the late 1970s to late 1990s indicate
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that prophylactic treatment with oral antibiotics can reduce NEC by

half (16–20); and other retrospective studies have demonstrated that

early antibiotics is associated with a decrease in NEC incidence

compared to infants not exposed to early antibiotics (21–23).

Because of the seemingly contradictory findings from different

studies, we sought to conduct this narrative review to help clarify

the relationship between early antibiotics and NEC in preterm

infants. Our objectives are (1) to summarize human and animal

studies investigating early antibiotics and NEC, (2) to highlight

challenges and limitations of these studies, (3) to explore

mechanisms that may explain how early antibiotics can modify the

risk for NEC, and (4) to identify future directions for research.
Human studies of early antibiotics and
NEC

Randomized studies: old studies indicating
that prophylactic early antibiotics may
reduce NEC

Five RCTs (16–20) done in the 1970 s-1990 s were conducted to

determine whether prophylactic early antibiotics are effective at

preventing NEC in preterm infants (Table 1). Oral antibiotics with

poor systemic absorption – such as kanamycin, gentamicin, and

vancomycin – were used by the studies to limit antibiotic effects to

the gastrointestinal tract (24), and were generally administered for

7 to 24 days as enteral feeds were advanced. Overall, a beneficial

reduction in NEC with prophylactic early antibiotics was found in

four of the five RCTs; and a Cochrane meta-analysis summarizing

the 5 trials demonstrated that early antibiotics was beneficial in

decreasing NEC by half (RR 0.47, 95% CI 0.28–0.78) (25).

Interestingly, beneficial reduction in NEC was observed with

antibiotics that targeted gram-negative bacteria (i.e., kanamycin

and gentamicin) or gram-positive bacteria (i.e., vancomycin).

Despite these positive results, several limitations have dampened

adoption of prophylactic early antibiotics to reduce NEC in clinical

practice. One limitation is antibiotic resistance. This limitation was

demonstrated in the study by Boyle et al. (17) where infants

prophylactically treated with kanamycin had higher incidence of

kanamycin-resistant enteric gram-negative bacteria compared to

controls. A second limitation is selective growth of other pathogenic

bacteria (26). This limitation was demonstrated in the study by Siu

et. al (20) where infants treated with vancomycin prophylaxis

exhibited heavy predominant growth of enteric yeast and gram-
TABLE 1 Randomized controlled trials of prophylactic oral antibiotics to reduc

First Author and Year Sample size Intervention

Egan 1976 75 Oral kanamycin vs placebo

Boyle 1978 99 Oral kanamycin vs placebo

Grylack 1978 42 Oral gentamicin vs placebo

Fast 1994 200 Oral gentamicin vs oral IgA-IgG

Siu 1998 140 Oral vancomycin vs placebo

IgA, immunoglobulin A; IgG, immunoglobulin G; NEC, necrotizing enterocolitis.
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negative organisms compared to controls. A third limitation is the

questionable generalizability to current clinical practice. These RCTs

were done in an era before effective strategies to reduce NEC such

as early feeding (27), standardized feeding protocols (28, 29),

widespread use of human milk (30, 31) and enhanced infection

control practices (32, 33) were part of routine clinical practice. It is

thus unknown whether early antibiotics as tested in these early trials

would remain effective at reducing NEC in the current setting.
Retrospective studies: studies that suggest an
association between prolonged early
antibiotics and NEC

Several retrospective studies have identified a harmful association

between early antibiotics and NEC (Table 2). Among the first to

report of this harmful association was Cotten et al. (8). Using the

Neonatal Research Network (NRN) database, Cotten et al. (8)

evaluated 4,039 extremely low birth weight (ELBW) infants who

received early antibiotics within 72 h after birth and had sterile

blood cultures. The authors found that prolonged early antibiotics

for ≥5 days was associated with an increased risk for NEC or

death compared to antibiotic treatment for < 5 days (aOR 1.30,

95% CI 1.10–1.54). In another study, Esmaeilizand et al. (12) used

data from the Canadian Neonatal Network (CNN) to conduct a

matched case-control study of infants with and without NEC.

Among the factors they found to be associated with an increased

risk for NEC was prolonged early antibiotics (aOR 2.02, 95% CI

1.55–3.13). A population-based study from the Norwegian

Neonatal Network also found similar results of higher NEC (aOR

2.27, 95% CI 1.02–5.06) among preterm infants <32 weeks’

gestation who were exposed to antibiotics for 3–5 days compared

to 0–4 days exposure (34). Other smaller retrospective studies

demonstrated how each additional day of empiric antibiotic

exposure in the first 7 to 14 days of life can increase the risk for

NEC (9, 11, 15) or the composite outcome of NEC + late-onset

sepsis + death (10, 13). Taken together, these studies seem to

suggest that prolonged treatment with early antibiotics despite

negative blood cultures can increase the risk for NEC and other

poor outcomes (Table 2).

A major limitation of these retrospective studies is confounding

by indication that comes from the possibility that prolonged early

antibiotics is simply a marker of illness severity. In the majority of

the studies, infants treated with prolonged early antibiotics were

also more premature, had lower birth weight, and more likely to be
e NEC.

Results

Kanamycin decreased NEC (0/35) vs controls (4/40), p = 0.038.

NEC rates not different between kanamycin-treated (3/49) and placebo (9/50), p = 0.2.

Prophylactic oral gentamicin decreased NEC (0/20) vs placebo (4/22), p < 0.05.

Oral gentamicin decreased NEC vs oral IgA-IgG (1/100 vs 13/10), p = 0.0004.

Oral vancomycin decreased NEC (9/71) vs placebo (19/69), p = 0.035.
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TABLE 2 Retrospective studies showing the association between prolonged early antibiotics and NEC.

First Author
and Year

Study design Study Population Results

Cotten 2009 Multi-center
retrospective cohort
study

4,039 ELBW infants treated with early antibiotics despite sterile
cultures. Infants who received ≥5 days early antibiotics were
compared to infants who received <5 days.

Increased odds for death (1.46, 95% CI 1.19-1.78) and
increased odds for NEC or death (1.30, 95% CI 1.10-1.54)
associated with ≥5 days exposure to early antibiotics.

Alexander 2011 Single-center
retrospective case-
control study

124 NEC cases (stage 2 or 3) were compared to 248 controls that
were matched by gestational age, birth weight, and birth year.

Cumulative duration of antibiotic exposure associated with
increased risk of NEC (aOR 1.10, 95% CI 1.02-1.19).

Kuppala 2011 Multi-center
retrospective cohort
study

365 VLBW infants ≤ 32 weeks’ gestation exposed to early
antibiotics despite sterile cultures. Infants were categorized into
prolonged antibiotics (≥5 days), limited antibiotics (1–4 days)
and no antibiotics (0 days).

Each day of early antibiotic treatment was associated with
increased odds for composite outcome of NEC, LOS, and
death (aOR 1.24, 95% CI 1.07-1.44).

Ghany 2012 Single-center
retrospective cohort
study

207 VLBW infants who received early antibiotics despite sterile
cultures. Antibiotic treatment for ≥5 days were compared to <5
days.

Each day of early antibiotic treatment was associated with
increased odds of NEC (aOR 1.32, 95% CI 1.05-1.65).

Cantey 2018 Single-center
retrospective cohort
study

374 VLBW infants with gestational age <33 weeks at birth.
Infants with composite outcome of interest (NEC + LOS + death)
were compared to infants without this composite outcome.

Each day of early antibiotic treatment in the first 14 days of
life was associated with increased risk for the composite
outcome of NEC+ LOS + death (aOR 1.24, 95% CI
1.17-1.31).

Esmaeilizand
2018

Multi-center
retrospective case-
control study

224 NEC cases (stage 2 or 3) were compared with 447 controls
that were matched by gestational age, birth weight, and gender.

Early antibiotic treatment for ≥5 days was associated with
increased NEC (aOR 2.02, 95% CI 1.55-3.13) compared to
antibiotic treatment for 0–4 days.

Raba 2019 Single-center
retrospective case-
control study

22 NEC cases (stage 2 or 3) were compared with 32 controls that
were matched by gestational age, sex, maternal chorioamnionitis
exposure, and mode of delivery.

Prolonged early antibiotics for >5 days associated with
NEC (OR 3.6, 95% CI 1.13-11.47).

Chen 2022 Single-center
retrospective cohort
study

132 VLBW infants were investigated by multivariable logistic
regression to determine the association of antibiotic treatment
and NEC.

Each day of early antibiotic treatment in the first 14 days of
life was associated with increased odds of NEC (aOR 1.28,
95% CI 1.03-1.59).

Zhu 2022 Single-center
retrospective cohort
study

51 NEC cases (stage 2 or 3) were compared with 516 with no
NEC. Infants were all VLBW and <32 weeks’ gestation at birth.

Early antibiotic therapy duration was associated with
increased odds of NEC (aOR 1.27, 95% CI 1.13-1.42).

Vatne 2022 Population-based
retrospective study

4,932 VLBW infants were studied using nationwide registry of
Norway. Association between empirical antibiotics and NEC was
assessed using multivariable logistic regression models, adjusting
for known confounders.

Antibiotics ≥ 5 days were associated with higher odds of
NEC (aOR 2.27, 95% CI 1.02-5.06).

ELBW, extremely low birth weight; NEC, necrotizing enterocolitis; LOS, late-onset sepsis; VLBW, very low birth weight.
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born in the setting of chorioamnionitis compared to infants treated

for <5 days (8–10, 13). It is well-known that the incidence and

severity of NEC is inversely correlated to prematurity and birth

weight (35, 36). Moreover, maternal chorioamnionitis is an

important risk factor for early-onset sepsis that often informs the

decision to use early antibiotics treatment and has also been shown

to increase risk for NEC (37). It is thus unclear whether it is

prolonged early antibiotics or these differences in underlying

baseline characteristics that truly increases risk for NEC. Efforts to

control for these differences, such as by propensity matching or

logistic regression, are likely not able to fully adjust for the impact

of these differences in NEC risk.
Retrospective studies: studies that suggest a
potential protective effect of limited early
antibiotics against NEC

Other retrospective studies have demonstrated contrary findings

of a protective association between early antibiotics and NEC

(Table 3). The first two studies to report of this protective
Frontiers in Pediatrics 03
association were small, case control studies with approximately 200

to 350 infants (38, 39). Krediet et al. (38) conducted a matched

case-control study (n = 208 infants) to identify risk factors that

may explain an increase in NEC incidence at their local institution.

The authors found that treatment with antibiotics within 48 h after

birth was associated with a reduction in NEC (OR 0.3, 95% CI

0.2–0.6). Berkhout et al. (39) also conducted a matched case-

control study (n = 336 infants) and found a similar association of

decreased NEC with early antibiotics. Three subsequent studies

(21–23) were large, multi-center studies with approximately 1,200

to 14,000 infants. The largest of these studies was Ting et al. (22)

(n = 14,207 infants). Using data from the CNN, Ting et al. (22)

investigated the impact of early antibiotics on neonatal outcomes

and found that limited early antibiotics (≤3 days) was associated

with a reduction in NEC compared to untreated controls (aOR

0.74, 95% CI 0.55–0.99). The second largest of these studies was Li

et al. (21) (n = 2,831 infants). Using prospective data collected from

13 neonatal intensive care units from five continents, Li et al.

found that NEC incidence was lower among infants treated with

early antibiotics compared to infants with no antibiotic exposure

(aOR 0.25, 95% CI 0.12–0.47). Lastly, Dierikx et al. (23) studied
frontiersin.org
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TABLE 3 Retrospective studies suggesting that limited early antibiotics decreases risk for NEC.

First Author
and Year

Study design Study Population Results

Krediet 2003 Single-center
matched case-control
study

104 NEC cases (stage 2 or 3) were compared to 104 controls
matched by gestational age, birth weight, and period of
admission.

Antibiotic treatment <48 h after birth was associated with
decreased risk for NEC (aOR 0.3, 95% CI 0.2-0.6).

Berkhout 2018 Multi-center matched
case-control study

56 NEC cases (stage 2 or 3) were compared to 280 controls that
were matched by gestational age, birth weight, and postnatal age
of NEC. Infants with 1–3 days and >3 days of antibiotics were
compared to infants with no antibiotics as reference.

Decreased NEC occurrence was associated with antibiotic
exposure for 1–3 days (aOR 0.21, 95% CI 0.08-0.54) and >3
days (aOR 0.23, 95% CI 0.08-0.65).

Ting 2019 Multi-center
retrospective cohort
study

14,207 VLBW infants with sterile cultures were divided based on
antibiotic exposure of 0 days, 1–3 days, and 4–7 days.

Infants exposed to limited antibiotics for 1–3 days have lower
odds of NEC (aOR 0.74, 0.55–0.99) than infants who did not
receive any antibiotics.

Li 2020 Multi-center
retrospective cohort
study

2,562 VLBW infants who received early antibiotics within 72 h
after birth were compared to 269 VLBW infants who did not
receive early antibiotics.

NEC incidence was lower in infants who received early
antibiotics (aOR 0.57, 95% CI 0.35-0.94).

Dierikx 2022 Multi-center
retrospective cohort
study

1,259 infants <30 weeks’ gestation with sterile cultures were
divided into no antibiotics, short antibiotics exposure (≤3 days),
and long antibiotics exposure (>3 days).

Short antibiotic exposure had decreased NEC incidence
compared to long antibiotic exposure (aOR 0.58, 95% CI 0.35-
0.96) and no antibiotic exposure (aOR 0.39, 95% CI 0.19-0.80).

NEC, necrotizing enterocolitis; VLBW, very low birth weight infants.
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1,259 very low birth weight (VLBW) infants from 9 centers in the

Netherlands and Belgium and found that early antibiotics was

associated with decreased risk for NEC compared to no antibiotics

(aOR 0.47, 95% CI 0.23–0.96).

Analysis based on duration of treatment provided additional

insights regarding the relationship between early antibiotics and

NEC. In the CNN study (22), Ting et al. divided the study cohort

based on duration of antibiotic treatment (0 days vs. ≤3 days vs.

>3 days). The authors found that limited early antibiotics (≤3
days) was associated with a reduction in NEC compared to

untreated controls (0.74, 95% CI 0.55–0.99); but prolonged early

antibiotics (>3 days) was not associated with either increased or

decreased NEC risk when compared to either 0 days or ≤3 days.

Dierikx et al. (23) also performed additional analysis based on

duration of treatment and found similar results of protective effects

of limited early antibiotics given for ≤3 days; whereas prolonged

early antibiotics (>3 days) was neither harmful nor protective.

While these two studies suggest that a limited course of early

antibiotics (≤3 days) may help reduce the risk for NEC in preterm

infants, the study by Vatne et al. (34) had different results. In their

large population-based study, limited treatment with early

antibiotics for 1–3 days did not have a protective effect compared

to untreated controls (aOR 2.02, 95% CI 0.22–18.3).

A potential limitation of studies suggesting that limited early

antibiotics can protect against NEC is the use of infants with no

antibiotic exposure as the reference group. This limitation was

suggested by Berkhout et al. (39) as another form of confounding

by indication that arises from the possibility that infants with no

antibiotic exposure represent an underrecognized population with

high baseline risk for NEC. In the three large multi-center studies

referenced above, infants with no antibiotic exposure were more

likely to be small for gestational age (SGA) and born by caesarian

section without premature rupture of membranes compared to

infants treated with early antibiotics (21–23). These differences in

baseline characteristics suggest that infants with no antibiotic

exposure were born prematurely due to poor fetal Dopplers and
Frontiers in Pediatrics 04
intrauterine growth restriction which, while considered low-risk for

early-onset sepsis (40, 41), are associated with higher risk for NEC

(42, 43). Thus, there is a possibility that using infants with “no

antibiotic exposure” as the reference may make it appear that early

antibiotics is protective against NEC.
Animal studies investigating the
relationship of early antibiotics and NEC

Given the varying results and important limitations of existing

studies in humans, studies using animal models have been

conducted to provide mechanistic insights on the effects of early

antibiotics on the developing neonatal gut. In this section, we will

review findings from two experimental animal models of early

antibiotics and NEC, explore potential mechanisms that explain

their results, and discuss the differences and limitations of

each model.
Piglet model of early antibiotics and NEC

The first animal model used to investigate the effects of early

antibiotics on the newborn gut was the preterm pig model of

experimental NEC. In this model, pigs that were delivered

prematurely via caesarian section at ∼92% gestation and

transitioned gradually from parenteral to enteral nutrition over the

next 5 days develop experimental NEC spontaneously (44). But

when early antibiotics were administered concurrently starting

from birth until time of sacrifice, substantial protection from NEC

among antibiotic-treated pigs was demonstrated compared to

untreated controls (45, 46). Interestingly, the protective effects

against NEC were limited to when antibiotics were given orally

and not parenterally (47, 48) – a finding that mirrors early RCTs

of prophylactic early antibiotics (25). Thus, studies using this piglet
frontiersin.org
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model provide evidence supporting findings from human studies

which suggest that early antibiotics is protective against NEC.

However, it is important to note that more recent investigation (49)

with the piglet model have identified important adverse effects of early

antibiotics, including emergence of antibiotic-resistant gut organisms

and suppression of systemic immune function. Combining oral

antibiotics with fecal microbiota transplantation did not prevent the

adverse effects of oral antibiotics as hypothesized, suggesting pervasive

effects of antibiotics on immune function. Thus, while early

antibiotics were protective against NEC in piglets, important adverse

effects were also found that warrant further investigation.
Mouse model of early antibiotics and NEC

Another animal model used to investigate early antibiotics and

NEC was the newborn mouse model of NEC. In this model,

newborn mice delivered naturally at term were immediately

exposed to 10 days of systemic antibiotics (50). After a washout

period of 4 days, the pups were then exposed to oral bacterial

challenge with Klebsiella spp. to induce NEC. The authors found

that NEC-like intestinal injury was significantly worse in antibiotic-

treated pups compared to untreated controls. Thus, in contrast to

the piglet model, studies using the newborn mouse model provide

evidence supporting findings from other human studies which

suggest that early, prolonged, systemic exposure to antibiotics

increases risk for NEC.
Differences between piglet and mouse
model of early antibiotics and NEC

Several experimental differences between the piglet and mouse

models may explain the opposing findings from animal studies

(Supplementary Table). One difference is with regards to the

duration of early antibiotics. In the piglet model, piglets were treated

for only 5 days of antibiotics, whereas in the mouse model, pups

were treated for 10 days. Modulating effects of antibiotic duration

on intestinal injury can be seen in experiments with adult mice,

where 4 days resulted in transient ileal injury that quickly reverses

by stopping treatment (51), whereas 14 days of antibiotics caused

several more intestinal impairments including gut dysbiosis, reduced

short-chain fatty acid concentrations, disrupted intestinal tight

junction barrier, and increased activation of autophagy (52).

Additional experimental studies that vary duration of early

antibiotics within the same animal model may help better elucidate

the impact of duration of treatment on NEC susceptibility. Another

difference that can explain these opposing findings is the differences

in gestational age used in each animal model. In the piglet model,

piglets were born via caesarian section at 92% gestation, whereas the

mouse model used mouse pups born naturally at term gestation.

Thus, it is possible that the experiments in pigs modeled the effects

of early antibiotics in preterm infants, while the mice experiments

modeled the effects of early antibiotics in term infants. Other

differences that could explain the opposing findings between the two

animal models include differences in route of antibiotic

administration, method of induction of experimental NEC, and the
Frontiers in Pediatrics 05
presence or absence of a wash-off period from antibiotics before

NEC induction (Supplementary Table).
Proposed mechanisms by which by
early antibiotics might increase or
decrease the risk of NEC

Delayed bacterial colonization allows
preterm gut defenses to mature and
decreases NEC risk

Delayed bacterial colonization is hypothesized as the main

mechanism by which early antibiotics protect against NEC

(Figure 1). Studies in mice as well as human samples from immature

intestine have shown that the preterm gut is inherently predisposed

towards excessive inflammation (53–55). Delaying gut colonization

can potentially allow more time for the preterm gut defenses to

develop and mature before encountering bacteria, viruses, and fungi

that can otherwise trigger pathologic intestinal inflammation and

NEC. In a physiologic study of infants, intestinal permeability was

higher in preterm compared to term infants only in the first 2 days

of life. By 3 to 6 days of life, intestinal permeability between preterm

and term infants was already similar, suggesting rapid postnatal

adaptation of preterm intestinal mucosal barrier (56). A limited

course of early antibiotics during the first few days after preterm birth

may thus be sufficient to achieve this delayed colonization and allow

maturation of preterm gut defenses without harming the developing

gut microbiome (57). This hypothesis is further supported by the

several improvements in intestinal structure, function, and immunity

that have been identified in preterm pigs treated with early antibiotics

for the first 5 days of life. These include increased villus height,

higher digestive enzyme activity, increased goblet cell density, reduced

gut permeability, downregulation of genes related to inflammation

and innate immune response, and upregulation of genes related to

metabolism (45–48). Thus, there is supporting evidence – from

experimental piglet studies and from older RCTs of preterm infants –

that early antibiotics can be protective against NEC by delaying

bacterial colonization and allowing the immature intestine to better

adapt to postnatal milieu.
Aberrant gut colonization disrupts proper
postnatal intestinal adaptation and increases
NEC risk

On the other hand, aberrant gut colonization is the main

mechanism by which early antibiotics is hypothesized to increase

risk for NEC (Figure 1) (58). Early antibiotics can predispose to

aberrant gut colonization in a few ways. One is by suppression of

beneficial bacteria that contribute to the physiologic development

of the postnatal gut (59, 60). While beyond the scope of this

review, several studies have demonstrated that synergistic

relationships between colonizing microbes and the host gut mucosa

are crucial for successful postnatal intestinal adaptation (61–63).

For example, studies in mice reveal that the interaction of

commensal bacteria with intestinal TLR signaling plays a critical
frontiersin.org
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FIGURE 1

Diagram of potential mechanisms by which early antibiotics can increase or decrease NEC risk. Created with Biorender.com.

Cuna et al. 10.3389/fped.2023.1112812
role for maintaining intestinal epithelial homeostasis and helps

protect against gut injury (61). In another study, gut colonization

of mice with the symbiotic bacteria Bacteroides fragilis was found

to mediate establishment of proper Th1/Th2 balance through

bacterial surface polysaccharide A (62). Disruptions to this normal

process of gut colonization with commensals – such as with early

antibiotic use – can thus lead to a dysfunctional gut mucosa

predisposed to NEC (64–66). This hypothesis is supported by the

mouse model by Chaaban et al. (50) where exposure of newborn

pups to 10 days of antibiotics resulted in several impairments to

gut mucosal barrier, intestinal permeability, intestinal stem cell

proliferation, and Paneth cell function.

Another way by which early antibiotics cause aberrant gut

colonization is by increasing the population of potentially pathogenic

bacteria. Next-generation sequencing of stools from preterm infants

demonstrated how antibiotic treatment is associated with increased

relative abundance of Enterobacter, Proteobacteria, Actinobacteria in

conjunction with decreased relative abundance of Firmicutes and

Bacteroidetes (67–69). Moreover, this abnormal pattern of increased

Proteobacteria and decreased Firmicutes and Bacteroidetes have been

identified in gut microbiota studies to precede development of NEC

in preterm infants (70–73). In animals, landmark studies have shown

how antibiotic-treated animals but not untreated controls are

susceptible to pathogenic bacterial challenges (74, 75), partly due to

loss of colonization resistance afforded by commensals (76).
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Thus, there is also supporting evidence – originating from mouse

models as well as infant gut microbiome studies – that early

antibiotics can be harmful to the developing neonatal gut by

increasing pathogenic bacteria at the expense of beneficial

commensals.
Additional speculations from human
and animal studies

Is there an interaction between early
antibiotics and other risk factors of NEC?

NEC is multi-factorial in origin, and early antibiotics exposure is

only one of several risk factors that could modify NEC risk. One

speculation is that perhaps harm or protection against NEC can

depend on the interaction of early antibiotics with other risk

factors of NEC (77, 78). For example, feeding with formula is a

strong risk factor for NEC that is known to alter the developing

gut microbiome; whereas feeding with human milk is protective

and promotes colonization with beneficial commensals (79). It is

thus possible that early antibiotics is protective when formula

feeding is prevalent such as during RCTs of the 1970 s-1990 s; but

is now harmful in the current era when human milk is the feeding

standard for preterm infants. In addition to the type of milk,
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variation in advancement of feeding in preterm infants could also

play a confounding role in determining the impact of early

antibiotics and NEC (80).

Another risk factor for NEC is intestinal colonization with

harmful pathogens from the NICU environment. In the study by

Li et al. (21), about half of the cohort came from Asia where

antibiotic stewardship and infection control practices can be a

challenge (81–83), and nosocomial infection with resistant strains

is high (84–86). It is thus possible that early antibiotics is

protective in NICU environments where the local antibiogram has

a predominance of pathogenic and resistant bacterial isolates.

However, the protective association of early antibiotics and NEC

was also found in studies from developed counties such as Canada

and Europe, where antibiotic stewardship and infection control

practices are more robust. This consistency across developed and

developing countries suggest that the beneficial effect of early

antibiotics remain despite differences in these factors.

Another important factor that can interact with early antibiotics is

supplementation with probiotics. While beyond the scope of this review,

there is extensive literature supporting the protective effects of probiotics

against NEC in general (87, 88). Looking specifically at the interaction

of early antibiotics and probiotics, one study showed that antibiotic-

treated mice supplemented with probiotics exhibited a reduction in

pathogenic Enterobacteriaceae while promoting growth of commensal

Firmicutes compared to antibiotic-treated mice with no probiotic

supplementation (89). Similarly, in a prospective observational study,

extremely preterm infants with high antibiotic exposure that also

received probiotics had comparable microbial diversity and antibiotic

resistome as more mature infants, suggesting that probiotic

supplementation may have alleviated the harmful effects of antibiotics

on the gut microbiota (90). Other factors that might interact with

early antibiotics to modify future NEC risk include prior maternal

exposure to antibiotics (91–93), genetic predisposition to NEC (4),

and genetic predilection for antibiotic resistance (94).
Is limiting activity of early antibiotics key?

We also speculate that perhaps limiting antibiotic activity may be

the key for reaping benefits of early antibiotics on NEC risk without

harm. The early clinical trials that showed benefit of prophylactic

antibiotics used oral agents with narrow spectrum and poor

systemic absorption that limited antibiotic activity to the

gastrointestinal tract (25). On the other hand, more recent studies

that used broad-spectrum antibiotics given intravenously as part of

clinical care seem to suggest that a limited exposure of less than 3

to 5 days can decrease subsequent risk for NEC (22, 23, 39). In

animal models, prolonged treatment for 10 days with antibiotics

resulted in several intestinal impairments and increased NEC

severity compared to controls (50) but limited treatment for 5 days

with poorly absorbed oral antibiotics caused improved maturation

of preterm gut defenses and decreased NEC (45).

Studies that investigated the effects of antibiotics on gut

microbiome also provide evidence that limited early antibiotics may

not be as harmful as previously thought. In one study, Zwittink

et al. (95) obtained fecal samples from preterm infants with no,

short (≤3 days), or long (≥5 days) treatment with antibiotics. 16S
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rRNA sequencing revealed that while both short and long antibiotic

treatment significantly lowered the abundance of the commensal

Bifidobacterium, quick recovery of Bifidobacterium abundance was

observed among infants exposed to short antibiotics while infants

exposed to long antibiotics exhibited a persistent reduction of

Bifidobacterium. In another study, Kim et al. (57) randomized

preterm infants at low risk for sepsis to receive 2 days of placebo vs.

ampicillin and gentamicin, analyzed their fecal microbiome, and

administered early fecal supernatant to pregnant gnotobiotic mice.

Surprisingly, in this study limited treatment with 2 days of

antibiotics did not alter the fecal microbiome of treated infants

compared to placebo; and pups of gnotobiotic pregnant mice

exposed to the fecal supernatant of antibiotic-treated infants did not

have any differences in gut microbiome, weight gain, and markers of

intestinal health compared to controls.

Thus, there is evidence from both human and animal studies to

suggest that limiting early antibiotics – whether by using narrow-

spectrum, poorly absorbed oral antibiotics that limit activity in the

intestinal tract, or by using broad-spectrum intravenous antibiotics

but treating for shorter periods of time – may not be harmful and

may have some benefit in decreasing NEC risk. One important

caveat about poorly absorbed oral antibiotics in preterm infants is

that in some studies, substantial systemic concentrations of these

oral antibiotics can be found in the serum, especially when given

in the first few days of life (96).
Do antibiotics have direct effects on host
immunity and inflammation?

It is also possible that antibiotics have direct effects on immune

cells and immune-mediated receptors that can modify risk for NEC

(97, 98). For example, in vitro studies revealed that gentamicin, a

first-line antibiotic drug of choice for neonatal sepsis, can directly

inhibit the chemotactic response of human polymorphonuclear

leukocytes (99). In another study, mice given Ampicillin or

Vancomycin, two other antibiotics commonly used in neonates,

exhibited significant downregulation of Th17-related genes in the

ileum (100). In the piglet model of NEC, 5 days of antibiotic

treatment resulted in significant downregulation of genes related to

inflammation and innate immune response following compared to

controls (45). Recent studies also suggest that antibiotic-induced

elimination of bacterial pathogens can elicit the release of

microbial components such as LPS that further worsens

inflammation (101, 102). While it is difficult to discern whether

these immune changes are independent of antibiotic-induced

alterations in gut microbiome, there is accumulating evidence that

antibiotics can have direct effects on host immunity and

inflammation which may impact disease (103).
Summary and future directions

Although human and animal studies seem to suggest that

treatment with early antibiotics can alter future risk for NEC

(Table 4), inherent limitations of these studies must also be

carefully considered for proper interpretation. RCTs done several
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TABLE 4 Summary of human and animal studies regarding early antibiotics
and NEC.

Study
Design

Increased
risk of NEC

Decreased
risk of NEC

No
difference in

NEC

Randomized
clinical trials

Egan 1976
Grylack 1978
Fast 1994
Siu 1998

Boyle 1978
Tagare 2010

Retrospective
clinical studies

Cotten 2009
Alexander 2011
Kuppala 2011
Ghany 2012
Cantey 2018
Esmaeilizand
2018
Raba 2019
Chen 2022
Zhu 2022
Vatne 2022

Krediet 2003
Berkhout 2018
Ting 2019
Li 2020
Dierikx 2022

Greenberg 2019

Animal studies Chaaban 2022 Sangild 2006
Jiang 2012
Jensen 2014
Nguyen 2016
Birck 2016
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decades ago with oral, non-absorbable, and narrow-spectrum

antibiotics showed a reduction in NEC, but the relevance of such

studies to modern NICU practice is uncertain. A more recent RCT

of prophylactic intravenous antibiotics for 5 days vs. no antibiotics

did not find any benefit with prophylactic antibiotics, but the study

included low-risk infants (median gestational age 34 weeks) and

was not powered to detect differences in NEC (N = 140) (104).

Retrospective cohort studies suggest that prolonged duration of

early antibiotics (>3 to 5 days) can increase risk for NEC, but

these studies present only low quality of evidence as there is

significant confounding by indication of antibiotic use and unequal

exposure to other NEC-associated risk factors. Other retrospective

studies suggest that limited duration of antibiotic use (<3 to 5

days) may decrease NEC risk, but these studies should also be

interpreted with caution as using infants with no antibiotic

exposure as reference may be a source of confounding bias.

Interestingly, some animal studies seem to mimic human data with

regards to duration of antibiotics and NEC risk, but additional

experimentation to evaluate the impact of several other important

variables – such as gestational age and mode of NEC induction –

is needed. Of note, none of the human studies and few of the

animal studies examined the effects of early antibiotics on the gut

microbiome, further limiting mechanistic interpretation of results.

Additional studies in humans and animals are needed to attain a

better understanding of the effects of early antibiotics on later NEC

risk. Studies that evaluate effects of early antibiotics in intestinal

immunity should also evaluate parallel changes in the gut

microbiome. As stool samples may only reflect changes in either

colonic mucosa or transient luminal contents, animal studies should

endeavor to obtain intestinal mucosal samples from different parts

of the intestinal tract to accurately investigate host and microbiota

changes induced by antibiotics in the gut mucosa. In addition to

antibiotic-induced changes on the gut microbiome, additional
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research into the direct effects of antibiotics on intestinal immunity

is also needed. Ultimately, the inherent limitations of existing

human studies warrant large prospective RCTs (105) as well as well-

designed prospective observational studies (106) to study the impact

of withholding early antibiotic use or limiting duration of exposure

on NEC as well as other outcomes including late-onset sepsis and

bronchopulmonary dysplasia. The NICU Antibiotics and Outcomes

Trial (NANO) as well as other studies are beginning to address this

question (106–108). Future clinical practice on early antibiotics use

will likely be impacted by these ongoing studies. In the meantime,

current efforts to implement sound antibiotic stewardship practices

in the NICU should be followed (109, 110). This includes limiting

prophylactic administration of early antibiotics only to infants with

strong concerns for early-onset sepsis, such as those with prolonged

rupture of membranes or maternal chorioamnionitis (40, 41).

Antibiotics should also be promptly discontinued once blood

cultures remain sterile for 24 to 48 h (111). Prolonged use of early

antibiotics in the absence of positive blood cultures should

be discouraged.
Author contributions

AC and VS conceptualized the study. AC wrote the first draft of

the manuscript. VS and MM critically reviewed the manuscript. All

authors contributed to the article and approved the submitted version.
Funding

This study was supported by K08DK125735 (AC),

R01HD097578 (MM), R01DK117296 (VS), and institutional funds

from Children’s Mercy Hospital (VS, AC).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fped.2023.1112812/

full#supplementary-material.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fped.2023.1112812/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fped.2023.1112812/full#supplementary-material
https://doi.org/10.3389/fped.2023.1112812
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Cuna et al. 10.3389/fped.2023.1112812
References
1. Neu J, Walker WA. Necrotizing enterocolitis. N Engl J Med. (2011) 364(3):255–64.
doi: 10.1056/NEJMra1005408

2. Hackam DJ, Sodhi CP. Bench to bedside - new insights into the pathogenesis of
necrotizing enterocolitis. Nat Rev Gastroenterol Hepatol. (2022) 19(7):468–79. doi: 10.
1038/s41575-022-00594-x

3. Rose AT, Patel RM. A critical analysis of risk factors for necrotizing enterocolitis.
Semin Fetal Neonatal Med. (2018) 23(6):374–9. doi: 10.1016/j.siny.2018.07.005

4. Cuna A, George L, Sampath V. Genetic predisposition to necrotizing enterocolitis in
premature infants: current knowledge, challenges, and future directions. Semin Fetal
Neonatal Med. (2018) 23(6):387–93. doi: 10.1016/j.siny.2018.08.006

5. Alganabi M, Lee C, Bindi E, Li B, Pierro A. Recent advances in understanding
necrotizing enterocolitis. F1000Research. 2019;8:F1000 Faculty Rev-107.

6. Neu J. Prevention of necrotizing enterocolitis. Clin Perinatol. (2022) 49(1):195–206.
doi: 10.1016/j.clp.2021.11.012

7. Silverman MA, Konnikova L, Gerber JS. Impact of antibiotics on necrotizing
enterocolitis and antibiotic-associated diarrhea. Gastroenterol Clin North Am. (2017)
46(1):61–76. doi: 10.1016/j.gtc.2016.09.010

8. Cotten CM, Taylor S, Stoll B, Goldberg RN, Hansen NI, Sánchez PJ, et al. Prolonged
duration of initial empirical antibiotic treatment is associated with increased rates of
necrotizing enterocolitis and death for extremely low birth weight infants. Pediatrics.
(2009) 123(1):58–66. doi: 10.1542/peds.2007-3423

9. Alexander VN, Northrup V, Bizzarro MJ. Antibiotic exposure in the newborn
intensive care unit and the risk of necrotizing enterocolitis. J Pediatr. (2011) 159
(3):392–7. doi: 10.1016/j.jpeds.2011.02.035

10. Kuppala VS, Meinzen-Derr J, Morrow AL, Schibler KR. Prolonged initial empirical
antibiotic treatment is associated with adverse outcomes in premature infants. J Pediatr.
(2011) 159(5):720–5. doi: 10.1016/j.jpeds.2011.05.033

11. Ghany EAA, Ali AA. Empirical antibiotic treatment and the risk of necrotizing
enterocolitis and death in very low birth weight neonates. Ann Saudi Med. (2012) 32
(5):521–6. doi: 10.5144/0256-4947.2012.521

12. Esmaeilizand R, Shah PS, Seshia M, Yee W, Yoon EW, Dow K, et al. Antibiotic
exposure and development of necrotizing enterocolitis in very preterm neonates.
Paediatr Child Health. (2018) 23(4):e56–61. doi: 10.1093/pch/pxx169

13. Cantey JB, Pyle AK, Wozniak PS, Hynan LS, Sánchez PJ. Early antibiotic exposure
and adverse outcomes in preterm, very low birth weight infants. J Pediatr. (2018)
203:62–7. doi: 10.1016/j.jpeds.2018.07.036

14. Zhu K, Gao H, Yuan L, Wang L, Deng F. Prolonged antibiotic therapy increased
necrotizing enterocolitis in very low birth weight infants without culture-proven
sepsis. Front Pediatr. (2022) 10:949830. doi: 10.3389/fped.2022.949830

15. Chen WY, Lo YC, Huang PH, Chen YX, Tsao PC, Lee YS, et al. Increased antibiotic
exposure in early life is associated with adverse outcomes in very low birth weight
infants. J Chin Med Assoc JCMA. (2022) 85(9):939–43. doi: 10.1097/JCMA.
0000000000000749

16. Egan EA, Mantilla G, Nelson RM, Eitzman DV. A prospective controlled trial of
oral kanamycin in the prevention of neonatal necrotizing enterocolitis. J Pediatr.
(1976) 89(3):467–70. doi: 10.1016/S0022-3476(76)80553-7

17. Boyle R, Nelson JS, Stonestreet BS, Peter G, Oh W. Alterations in stool flora
resulting from oral kanamycin prophylaxis of necrotizing enterocolitis. J Pediatr.
(1978) 93(5):857–61. doi: 10.1016/S0022-3476(78)81101-9

18. Grylack LJ, Scanlon JW. Oral gentamicin therapy in the prevention of neonatal
necrotizing enterocolitis. A controlled double-blind trial. Am J Dis Child 1960. (1978)
132(12):1192–4. doi: 10.1001/archpedi.1978.02120370040010

19. Fast C, Rosegger H. Necrotizing enterocolitis prophylaxis: oral antibiotics and
lyophilized enterobacteria vs oral immunoglobulins. Acta Paediatr Oslo Nor 1992
Suppl. (1994) 396:86–90. doi: 10.1111/j.1651-2227.1994.tb13253.x

20. Siu YK, Ng PC, Fung SC, Lee CH, Wong MY, Fok TF, et al. Double blind,
randomised, placebo controlled study of oral vancomycin in prevention of necrotising
enterocolitis in preterm, very low birthweight infants. Arch Dis Child Fetal Neonatal
Ed. (1998) 79(2):F105–109. doi: 10.1136/fn.79.2.F105

21. Li Y, Shen RL, Ayede AI, Berrington J, Bloomfield FH, Busari OO, et al. Early use
of antibiotics is associated with a lower incidence of necrotizing enterocolitis in preterm,
very low birth weight infants: the NEOMUNE-NeoNutriNet cohort study. J Pediatr.
(2020) 227:128–134.e2. doi: 10.1016/j.jpeds.2020.06.032

22. Ting JY, Roberts A, Sherlock R, Ojah C, Cieslak Z, Dunn M, et al. Duration of
initial empirical antibiotic therapy and outcomes in very low birth weight infants.
Pediatrics. (2019) 143(3):e20182286. doi: 10.1542/peds.2018-2286

23. Dierikx TH, Deianova N, Groen J, Vijlbrief DC, Hulzebos C, de Boode WP, et al.
Association between duration of early empiric antibiotics and necrotizing enterocolitis
and late-onset sepsis in preterm infants: a multicenter cohort study. Eur J Pediatr.
(2022) 181(10):3715–24. doi: 10.1007/s00431-022-04579-5

24. Miranda JC, Schimmel MS, Mimms GM, Spinelli W, Driscoll JM, James LS, et al.
Gentamicin absorption during prophylactic use for necrotizing enterocolitis. Dev
Pharmacol Ther. (1984) 7(5):303–6. doi: 10.1159/000457179
Frontiers in Pediatrics 09
25. Bury RG, Tudehope D. Enteral antibiotics for preventing necrotizing enterocolitis
in low birthweight or preterm infants. Cochrane Database Syst Rev. (2001) (1):
CD000405. doi: 10.1002/14651858.CD000405

26. Bubser C, Liese J, Serna-Higuita LM, Müller A, Vochem M, Arand J, et al. Impact
of early antibiotic exposure on the risk of colonization with potential pathogens in very
preterm infants: a retrospective cohort analysis. Antimicrob Resist Infect Control. (2022)
11(1):72. doi: 10.1186/s13756-022-01110-1

27. Morgan J, Young L, McGuire W. Delayed introduction of progressive enteral feeds
to prevent necrotising enterocolitis in very low birth weight infants. Cochrane Database
Syst Rev. (2014) 2014(12):CD001970. doi: 10.1002/14651858.CD001970.pub5

28. Ramani M, Ambalavanan N. Feeding practices and necrotizing enterocolitis. Clin
Perinatol. (2013) 40(1):1–10. doi: 10.1016/j.clp.2012.12.001

29. Gephart SM, Hanson CK. Preventing necrotizing enterocolitis with standardized
feeding protocols: not only possible, but imperative. Adv Neonatal Care Off J Natl
Assoc Neonatal Nurses. (2013) 13(1):48–54. doi: 10.1097/ANC.0b013e31827ece0a

30. Updegrove K. Necrotizing enterocolitis: the evidence for use of human milk in
prevention and treatment. J Hum Lact Off J Int Lact Consult Assoc. (2004) 20
(3):335–9. doi: 10.1177/0890334404266972

31. Patel AL, Kim JH. Human milk and necrotizing enterocolitis. Semin Pediatr Surg.
(2018) 27(1):34–8. doi: 10.1053/j.sempedsurg.2017.11.007

32. Lemyre B, Xiu W, Bouali NR, Brintnell J, Janigan JA, Suh KN, et al. A decrease in
the number of cases of necrotizing enterocolitis associated with the enhancement of
infection prevention and control measures during a Staphylococcus aureus outbreak in
a neonatal intensive care unit. Infect Control Hosp Epidemiol. (2012) 33(1):29–33.
doi: 10.1086/663343

33. Wendelboe AM, Smelser C, Lucero CA, McDonald LC. Cluster of necrotizing
enterocolitis in a neonatal intensive care unit: new Mexico, 2007. Am J Infect Control.
(2010) 38(2):144–8. doi: 10.1016/j.ajic.2009.06.009

34. Vatne A, Hapnes N, Stensvold HJ, Dalen I, Guthe HJ, Støen R, et al. Early empirical
antibiotics and adverse clinical outcomes in infants born very preterm: a population-
based cohort. J Pediatr. (2022):S0022347622008514. doi: 10.1016/j.jpeds.2022.09.029

35. Llanos AR, Moss ME, Pinzòn MC, Dye T, Sinkin RA, Kendig JW. Epidemiology of
neonatal necrotising enterocolitis: a population-based study. Paediatr Perinat Epidemiol.
(2002) 16(4):342–9. doi: 10.1046/j.1365-3016.2002.00445.x

36. Chandler JC, Hebra A. Necrotizing enterocolitis in infants with very low birth
weight. Semin Pediatr Surg. (2000) 9(2):63–72. doi: 10.1016/S1055-8586(00)70018-7

37. Been JV, Lievense S, Zimmermann LJI, Kramer BW, Wolfs TGAM.
Chorioamnionitis as a risk factor for necrotizing enterocolitis: a systematic review and
meta-analysis. J Pediatr. (2013) 162(2):236–242.e2. doi: 10.1016/j.jpeds.2012.07.012

38. Krediet TG, van Lelyveld N, Vijlbrief DC, Brouwers HAA, Kramer WLM, Fleer A,
et al. Microbiological factors associated with neonatal necrotizing enterocolitis: protective
effect of early antibiotic treatment. Acta Paediatr Oslo Nor 1992. (2003) 92(10):1180–2.
doi: 10.1111/j.1651-2227.2003.tb02481.x

39. Berkhout DJC, Klaassen P, Niemarkt HJ, de Boode WP, Cossey V, van Goudoever
JB, et al. Risk factors for necrotizing enterocolitis: a prospective multicenter case-control
study. Neonatology. (2018) 114(3):277–84. doi: 10.1159/000489677

40. Puopolo KM, Mukhopadhyay S, Hansen NI, Cotten CM, Stoll BJ, Sanchez PJ, et al.
Identification of extremely premature infants at low risk for early-onset sepsis. Pediatrics.
(2017) 140(5):e20170925. doi: 10.1542/peds.2017-0925

41. Garber SJ, Dhudasia MB, Flannery DD, Passarella MR, Puopolo KM,
Mukhopadhyay S. Delivery-based criteria for empiric antibiotic administration among
preterm infants. J Perinatol Off J Calif Perinat Assoc. (2021) 41(2):255–62. doi: 10.
1038/s41372-020-00784-y

42. Ree IMC, Smits-Wintjens VEHJ, Rijntjes-Jacobs EGJ, Pelsma ICM, Steggerda SJ,
Walther FJ, et al. Necrotizing enterocolitis in small-for-gestational-age neonates: a
matched case-control study. Neonatology. (2014) 105(1):74–8. doi: 10.1159/000356033

43. Westby Eger SH, Kessler J, Kiserud T, Markestad T, Sommerfelt K. Foetal Doppler
abnormality is associated with increased risk of sepsis and necrotising enterocolitis in
preterm infants. Acta Paediatr Oslo Nor 1992. (2015) 104(4):368–76. doi: 10.1111/apa.
12893

44. Sangild PT, Siggers RH, Schmidt M, Elnif J, Bjornvad CR, Thymann T, et al. Diet-
and colonization-dependent intestinal dysfunction predisposes to necrotizing enterocolitis
in preterm pigs. Gastroenterology. (2006) 130(6):1776–92. doi: 10.1053/j.gastro.2006.02.026

45. Jensen ML, Thymann T, Cilieborg MS, Lykke M, Mølbak L, Jensen BB, et al.
Antibiotics modulate intestinal immunity and prevent necrotizing enterocolitis in
preterm neonatal piglets. Am J Physiol Gastrointest Liver Physiol. (2014) 306(1):
G59–71. doi: 10.1152/ajpgi.00213.2013

46. Jiang P, Jensen ML, Cilieborg MS, Thymann T, Wan JMF, Sit WH, et al.
Antibiotics increase gut metabolism and antioxidant proteins and decrease acute
phase response and necrotizing enterocolitis in preterm neonates. PloS One. (2012) 7
(9):e44929. doi: 10.1371/journal.pone.0044929

47. Nguyen DN, Fuglsang E, Jiang P, Birck MM, Pan X, Kamal SBS, et al. Oral
antibiotics increase blood neutrophil maturation and reduce bacteremia and
frontiersin.org

https://doi.org/10.1056/NEJMra1005408
https://doi.org/10.1038/s41575-022-00594-x
https://doi.org/10.1038/s41575-022-00594-x
https://doi.org/10.1016/j.siny.2018.07.005
https://doi.org/10.1016/j.siny.2018.08.006
https://doi.org/10.1016/j.clp.2021.11.012
https://doi.org/10.1016/j.gtc.2016.09.010
https://doi.org/10.1542/peds.2007-3423
https://doi.org/10.1016/j.jpeds.2011.02.035
https://doi.org/10.1016/j.jpeds.2011.05.033
https://doi.org/10.5144/0256-4947.2012.521
https://doi.org/10.1093/pch/pxx169
https://doi.org/10.1016/j.jpeds.2018.07.036
https://doi.org/10.3389/fped.2022.949830
https://doi.org/10.1097/JCMA.0000000000000749
https://doi.org/10.1097/JCMA.0000000000000749
https://doi.org/10.1016/S0022-3476(76)80553-7
https://doi.org/10.1016/S0022-3476(78)81101-9
https://doi.org/10.1001/archpedi.1978.02120370040010
https://doi.org/10.1111/j.1651-2227.1994.tb13253.x
https://doi.org/10.1136/fn.79.2.F105
https://doi.org/10.1016/j.jpeds.2020.06.032
https://doi.org/10.1542/peds.2018-2286
https://doi.org/10.1007/s00431-022-04579-5
https://doi.org/10.1159/000457179
https://doi.org/10.1002/14651858.CD000405
https://doi.org/10.1186/s13756-022-01110-1
https://doi.org/10.1002/14651858.CD001970.pub5
https://doi.org/10.1016/j.clp.2012.12.001
https://doi.org/10.1097/ANC.0b013e31827ece0a
https://doi.org/10.1177/0890334404266972
https://doi.org/10.1053/j.sempedsurg.2017.11.007
https://doi.org/10.1086/663343
https://doi.org/10.1016/j.ajic.2009.06.009
https://doi.org/10.1016/j.jpeds.2022.09.029
https://doi.org/10.1046/j.1365-3016.2002.00445.x
https://doi.org/10.1016/S1055-8586(00)70018-7
https://doi.org/10.1016/j.jpeds.2012.07.012
https://doi.org/10.1111/j.1651-2227.2003.tb02481.x
https://doi.org/10.1159/000489677
https://doi.org/10.1542/peds.2017-0925
https://doi.org/10.1038/s41372-020-00784-y
https://doi.org/10.1038/s41372-020-00784-y
https://doi.org/10.1159/000356033
https://doi.org/10.1111/apa.12893
https://doi.org/10.1111/apa.12893
https://doi.org/10.1053/j.gastro.2006.02.026
https://doi.org/10.1152/ajpgi.00213.2013
https://doi.org/10.1371/journal.pone.0044929
https://doi.org/10.3389/fped.2023.1112812
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Cuna et al. 10.3389/fped.2023.1112812
necrotizing enterocolitis in the immediate postnatal period of preterm pigs. Innate
Immun. (2016) 22(1):51–62. doi: 10.1177/1753425915615195

48. Birck MM, Nguyen DN, Cilieborg MS, Kamal SS, Nielsen DS, Damborg P, et al.
Enteral but not parenteral antibiotics enhance gut function and prevent necrotizing
enterocolitis in formula-fed newborn preterm pigs. Am J Physiol Gastrointest Liver
Physiol. (2016) 310(5):G323–333. doi: 10.1152/ajpgi.00392.2015

49. Brunse A, Offersen SM, Mosegaard JJ, Deng L, Damborg P, Nielsen DS, et al. Enteral
broad-spectrum antibiotics antagonize the effect of fecal microbiota transplantation in
preterm pigs. Gut Microbes. (2021) 13(1):1849997. doi: 10.1080/19490976.2020.1849997

50. Chaaban H, Patel MM, Burge K, Eckert JV, Lupu C, Keshari RS, et al. Early
antibiotic exposure alters intestinal development and increases susceptibility to
necrotizing enterocolitis: a mechanistic study. Microorganisms. (2022) 10(3):519.
doi: 10.3390/microorganisms10030519

51. Romick-Rosendale LE, Legomarcino A, Patel NB, Morrow AL, Kennedy MA.
Prolonged antibiotic use induces intestinal injury in mice that is repaired after
removing antibiotic pressure: implications for empiric antibiotic therapy. Metabolomics
Off J Metabolomic Soc. (2014) 10(1):8–20. doi: 10.1007/s11306-013-0546-5

52. Feng Y, Huang Y, Wang Y, Wang P, Song H, Wang F. Antibiotics induced
intestinal tight junction barrier dysfunction is associated with microbiota dysbiosis,
activated NLRP3 inflammasome and autophagy. PloS One. (2019) 14(6):e0218384.
doi: 10.1371/journal.pone.0218384

53. Nanthakumar N, Meng D, Goldstein AM, Zhu W, Lu L, Uauy R, et al. The
mechanism of excessive intestinal inflammation in necrotizing enterocolitis: an immature
innate immune response. PloS One. (2011) 6(3):e17776. doi: 10.1371/journal.pone.0017776

54. Yu W, Haque I, Venkatraman A, Menden HL, Mabry SM, Roy BC, et al. SIGIRR
Mutation in human necrotizing enterocolitis (NEC) disrupts STAT3-dependent
microRNA expression in neonatal gut. Cell Mol Gastroenterol Hepatol. (2022) 13
(2):425–40. doi: 10.1016/j.jcmgh.2021.09.009

55. Claud EC, Lu L, Anton PM, Savidge T, Walker WA, Cherayil BJ. Developmentally
regulated IkappaB expression in intestinal epithelium and susceptibility to flagellin-
induced inflammation. Proc Natl Acad Sci U S A. (2004) 101(19):7404–8. doi: 10.
1073/pnas.0401710101

56. van Elburg RM. Intestinal permeability in relation to birth weight and gestational
and postnatal age. Arch Dis Child - Fetal Neonatal Ed. (2003) 88(1):52F–55. doi: 10.1136/
fn.88.1.F52

57. Kim CS, Grady N, Derrick M, Yu Y, Oliphant K, Lu J, et al. Effect of antibiotic use
within first 48 hours of life on the preterm infant microbiome: a randomized clinical
trial. JAMA Pediatr. (2021) 175(3):303–5. doi: 10.1001/jamapediatrics.2020.4916

58. Zhu D, Xiao S, Yu J, Ai Q, He Y, Cheng C, et al. Effects of one-week empirical
antibiotic therapy on the early development of gut Microbiota and metabolites in
preterm infants. Sci Rep. (2017) 7(1):8025. doi: 10.1038/s41598-017-08530-9

59. Bennet R, Eriksson M, Nord CE. The fecal microflora of 1-3-month-old infants
during treatment with eight oral antibiotics. Infection. (2002) 30(3):158–60. doi: 10.
1007/s15010-002-2140-z

60. Reyman M, van Houten MA, Watson RL, Chu MLJN, Arp K, de Waal WJ, et al.
Effects of early-life antibiotics on the developing infant gut microbiome and resistome: a
randomized trial. Nat Commun. (2022) 13(1):893. doi: 10.1038/s41467-022-28525-z

61. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R.
Recognition of commensal microflora by toll-like receptors is required for intestinal
homeostasis. Cell. (2004) 118(2):229–41. doi: 10.1016/j.cell.2004.07.002

62. Mazmanian SK, Liu CH, Tzianabos AO, Kasper DL. An immunomodulatory
molecule of symbiotic bacteria directs maturation of the host immune system. Cell.
(2005) 122(1):107–18. doi: 10.1016/j.cell.2005.05.007

63. Caicedo RA, Schanler RJ, Li N, Neu J. The developing intestinal ecosystem:
implications for the neonate. Pediatr Res. (2005) 58(4):625–8. doi: 10.1203/01.PDR.
0000180533.09295.84

64. Schumann A, Nutten S, Donnicola D, Comelli EM, Mansourian R, Cherbut C,
et al. Neonatal antibiotic treatment alters gastrointestinal tract developmental gene
expression and intestinal barrier transcriptome. Physiol Genomics. (2005) 23
(2):235–45. doi: 10.1152/physiolgenomics.00057.2005

65. Xu Y, Milburn O, Beiersdorfer T, Du L, Akinbi H, Haslam DB. Antibiotic exposure
prevents acquisition of beneficial metabolic functions in the preterm infant gut
microbiome. Microbiome. (2022) 10(1):103. doi: 10.1186/s40168-022-01300-4

66. Garcia TM, van Roest M, Vermeulen JLM, Meisner S, Smit WL, Silva J, et al. Early
life antibiotics influence in vivo and in vitro mouse intestinal epithelium maturation and
functioning. Cell Mol Gastroenterol Hepatol. (2021) 12(3):943–81. doi: 10.1016/j.jcmgh.
2021.05.019

67. Greenwood C, Morrow AL, Lagomarcino AJ, Altaye M, Taft DH, Yu Z, et al. Early
empiric antibiotic use in preterm infants is associated with lower bacterial diversity and
higher relative abundance of Enterobacter. J Pediatr. (2014) 165(1):23–9. doi: 10.1016/j.
jpeds.2014.01.010

68. Dardas M, Gill SR, Grier A, Pryhuber GS, Gill AL, Lee YH, et al. The impact of
postnatal antibiotics on the preterm intestinal microbiome. Pediatr Res. (2014) 76
(2):150–8. doi: 10.1038/pr.2014.69

69. Arboleya S, Sánchez B, Milani C, Duranti S, Solís G, Fernández N, et al. Intestinal
microbiota development in preterm neonates and effect of perinatal antibiotics. J Pediatr.
(2015) 166(3):538–44. doi: 10.1016/j.jpeds.2014.09.041
Frontiers in Pediatrics 10
70. Pammi M, Cope J, Tarr PI, Warner BB, Morrow AL, Mai V, et al. Intestinal
dysbiosis in preterm infants preceding necrotizing enterocolitis: a systematic review
and meta-analysis. Microbiome. (2017) 5(1):31. doi: 10.1186/s40168-017-0248-8

71. Mai V, Young CM, Ukhanova M, Wang X, Sun Y, Casella G, et al. Fecal microbiota
in premature infants prior to necrotizing enterocolitis. PloS One. (2011) 6(6):e20647.
doi: 10.1371/journal.pone.0020647

72. Warner BB, Deych E, Zhou Y, Hall-Moore C, Weinstock GM, Sodergren E, et al.
Gut bacteria dysbiosis and necrotising enterocolitis in very low birthweight infants: a
prospective case-control study. Lancet Lond Engl. (2016) 387(10031):1928–36. doi: 10.
1016/S0140-6736(16)00081-7

73. Olm MR, Bhattacharya N, Crits-Christoph A, Firek BA, Baker R, Song YS, et al.
Necrotizing enterocolitis is preceded by increased gut bacterial replication, Klebsiella,
and fimbriae-encoding bacteria. Sci Adv. (2019) 5(12):eaax5727. doi: 10.1126/sciadv.
aax5727

74. Ubeda C, Taur Y, Jenq RR, Equinda MJ, Son T, Samstein M, et al. Vancomycin-
resistant Enterococcus domination of intestinal microbiota is enabled by antibiotic
treatment in mice and precedes bloodstream invasion in humans. J Clin Invest. (2010)
120(12):4332–41. doi: 10.1172/JCI43918

75. Robak OH, Heimesaat MM, Kruglov AA, Prepens S, Ninnemann J, Gutbier B, et al.
Antibiotic treatment-induced secondary IgA deficiency enhances susceptibility to
Pseudomonas aeruginosa pneumonia. J Clin Invest. (2018) 128(8):3535–45. doi: 10.
1172/JCI97065

76. Caballero S, Kim S, Carter RA, Leiner IM, Sušac B, Miller L, et al. Cooperating
commensals restore colonization resistance to vancomycin-resistant Enterococcus
faecium. Cell Host Microbe. (2017) 21(5):592–602.e4. doi: 10.1016/j.chom.2017.04.002

77. Ju T, Shoblak Y, Gao Y, Yang K, Fouhse J, Finlay BB, et al. Initial gut microbial
composition as a key factor driving host response to antibiotic treatment, as
exemplified by the presence or absence of commensal Escherichia coli. Appl Environ
Microbiol. (2017) 83(17):e01107–17. doi: 10.1128/AEM.01107-17

78. Lavelle A, Hoffmann TW, Pham HP, Langella P, Guédon E, Sokol H. Baseline
microbiota composition modulates antibiotic-mediated effects on the gut microbiota
and host. Microbiome. (2019) 7(1):111. doi: 10.1186/s40168-019-0725-3

79. O’Sullivan A, Farver M, Smilowitz JT. The influence of early infant-feeding
practices on the intestinal microbiome and body composition in infants. Nutr Metab
Insights. (2015) 8(Suppl 1):1–9. doi: 10.4137/NMI.S29530

80. de Waard M, Li Y, Zhu Y, Ayede AI, Berrington J, Bloomfield FH, et al. Time to
full enteral feeding for very low-birth-weight infants varies markedly among hospitals
worldwide but may not be associated with incidence of necrotizing enterocolitis: the
NEOMUNE-NeoNutriNet cohort study. JPEN J Parenter Enteral Nutr. (2019) 43
(5):658–67. doi: 10.1002/jpen.1466

81. Vain NE, Fariña D, Vázquez LN. Neonatology in the emerging countries: the
strategies and health-economics challenges related to prevention of neonatal and
infant infections. Early Hum Dev. (2012) 88(Suppl 2):S53–59. doi: 10.1016/S0378-3782
(12)70016-6

82. Gray J, Omar N. Nosocomial infections in neonatal intensive care units in
developed and developing countries: how can we narrow the gap? J Hosp Infect.
(2013) 83(3):193–5. doi: 10.1016/j.jhin.2012.12.006

83. Fu C, Xu R. Challenges remain for nosocomial infection control in China. J Hosp
Infect. (2019) 103(2):233–4. doi: 10.1016/j.jhin.2019.07.002

84. Xu XF, Ma XL, Chen Z, Shi LP, Du LZ. Clinical characteristics of nosocomial
infections in neonatal intensive care unit in eastern China. J Perinat Med. (2010) 38
(4):431–7. doi: 10.1515/jpm.2010.063

85. Yuan Y, Zhou W, Rong X, Lu WN, Zhang Z. Incidence and factors associated with
nosocomial infections in a neonatal intensive care unit (NICU) of an urban children’s
Hospital in China. Clin Exp Obstet Gynecol. (2015) 42(5):619–28. doi: 10.12891/
ceog1935.2015

86. Liu J, Fang Z, Yu Y, Ding Y, Liu Z, Zhang C, et al. Pathogens distribution and
antimicrobial resistance in bloodstream infections in twenty-five neonatal intensive
care units in China, 2017-2019. Antimicrob Resist Infect Control. (2021) 10(1):121.
doi: 10.1186/s13756-021-00989-6

87. Patel RM, Underwood MA. Probiotics and necrotizing enterocolitis. Semin Pediatr
Surg. (2018) 27(1):39–46. doi: 10.1053/j.sempedsurg.2017.11.008

88. Morgan RL, Preidis GA, Kashyap PC, Weizman AV, Sadeghirad B. Mcmaster
probiotic, prebiotic, and synbiotic work group. Probiotics reduce mortality and
morbidity in preterm, low-birth-weight infants: a systematic review and network
meta-analysis of randomized trials. Gastroenterology. (2020) 159(2):467–80. doi: 10.
1053/j.gastro.2020.05.096

89. Grazul H, Kanda LL, Gondek D. Impact of probiotic supplements on microbiome
diversity following antibiotic treatment of mice. Gut Microbes. (2016) 7(2):101–14.
doi: 10.1080/19490976.2016.1138197

90. Esaiassen E, Hjerde E, Cavanagh JP, Pedersen T, Andresen JH, Rettedal SI, et al.
Effects of probiotic supplementation on the gut Microbiota and antibiotic resistome
development in preterm infants. Front Pediatr. (2018) 6:347. doi: 10.3389/fped.2018.
00347

91. Kenyon SL, Taylor DJ, Tarnow-Mordi W. ORACLE Collaborative group. Broad-
spectrum antibiotics for preterm, prelabour rupture of fetal membranes: the ORACLE
I randomised trial. ORACLE collaborative group. Lancet Lond Engl. (2001) 357
(9261):979–88. doi: 10.1016/S0140-6736(00)04233-1
frontiersin.org

https://doi.org/10.1177/1753425915615195
https://doi.org/10.1152/ajpgi.00392.2015
https://doi.org/10.1080/19490976.2020.1849997
https://doi.org/10.3390/microorganisms10030519
https://doi.org/10.1007/s11306-013-0546-5
https://doi.org/10.1371/journal.pone.0218384
https://doi.org/10.1371/journal.pone.0017776
https://doi.org/10.1016/j.jcmgh.2021.09.009
https://doi.org/10.1073/pnas.0401710101
https://doi.org/10.1073/pnas.0401710101
https://doi.org/10.1136/fn.88.1.F52
https://doi.org/10.1136/fn.88.1.F52
https://doi.org/10.1001/jamapediatrics.2020.4916
https://doi.org/10.1038/s41598-017-08530-9
https://doi.org/10.1007/s15010-002-2140-z
https://doi.org/10.1007/s15010-002-2140-z
https://doi.org/10.1038/s41467-022-28525-z
https://doi.org/10.1016/j.cell.2004.07.002
https://doi.org/10.1016/j.cell.2005.05.007
https://doi.org/10.1203/01.PDR.0000180533.09295.84
https://doi.org/10.1203/01.PDR.0000180533.09295.84
https://doi.org/10.1152/physiolgenomics.00057.2005
https://doi.org/10.1186/s40168-022-01300-4
https://doi.org/10.1016/j.jcmgh.2021.05.019
https://doi.org/10.1016/j.jcmgh.2021.05.019
https://doi.org/10.1016/j.jpeds.2014.01.010
https://doi.org/10.1016/j.jpeds.2014.01.010
https://doi.org/10.1038/pr.2014.69
https://doi.org/10.1016/j.jpeds.2014.09.041
https://doi.org/10.1186/s40168-017-0248-8
https://doi.org/10.1371/journal.pone.0020647
https://doi.org/10.1016/S0140-6736(16)00081-7
https://doi.org/10.1016/S0140-6736(16)00081-7
https://doi.org/10.1126/sciadv.aax5727
https://doi.org/10.1126/sciadv.aax5727
https://doi.org/10.1172/JCI43918
https://doi.org/10.1172/JCI97065
https://doi.org/10.1172/JCI97065
https://doi.org/10.1016/j.chom.2017.04.002
https://doi.org/10.1128/AEM.01107-17
https://doi.org/10.1186/s40168-019-0725-3
https://doi.org/10.4137/NMI.S29530
https://doi.org/10.1002/jpen.1466
https://doi.org/10.1016/S0378-3782(12)70016-6
https://doi.org/10.1016/S0378-3782(12)70016-6
https://doi.org/10.1016/j.jhin.2012.12.006
https://doi.org/10.1016/j.jhin.2019.07.002
https://doi.org/10.1515/jpm.2010.063
https://doi.org/10.12891/ceog1935.2015
https://doi.org/10.12891/ceog1935.2015
https://doi.org/10.1186/s13756-021-00989-6
https://doi.org/10.1053/j.sempedsurg.2017.11.008
https://doi.org/10.1053/j.gastro.2020.05.096
https://doi.org/10.1053/j.gastro.2020.05.096
https://doi.org/10.1080/19490976.2016.1138197
https://doi.org/10.3389/fped.2018.00347
https://doi.org/10.3389/fped.2018.00347
https://doi.org/10.1016/S0140-6736(00)04233-1
https://doi.org/10.3389/fped.2023.1112812
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Cuna et al. 10.3389/fped.2023.1112812
92. Munyaka PM, Eissa N, Bernstein CN, Khafipour E, Ghia JE. Antepartum antibiotic
treatment increases offspring susceptibility to experimental colitis: a role of the gut
Microbiota. PloS One. (2015) 10(11):e0142536. doi: 10.1371/journal.pone.0142536

93. Reed BD, Schibler KR, Deshmukh H, Ambalavanan N, Morrow AL. The impact of
maternal antibiotics on neonatal disease. J Pediatr. (2018) 197:97–103.e3. doi: 10.1016/j.
jpeds.2018.01.056

94. Ott LC, Stromberg ZR, Redweik GAJ, Wannemuehler MJ, Mellata M. Mouse
genetic background affects transfer of an antibiotic resistance plasmid in the
gastrointestinal tract. mSphere. (2020) 5(1):e00847–19. doi: 10.1128/mSphere.00847-19

95. Zwittink RD, Renes IB, van Lingen RA, van Zoeren-Grobben D, Konstanti P,
Norbruis OF, et al. Association between duration of intravenous antibiotic
administration and early-life microbiota development in late-preterm infants. Eur
J Clin Microbiol Infect Dis Off Publ Eur Soc Clin Microbiol. (2018) 37(3):475–83.
doi: 10.1007/s10096-018-3193-y

96. Bhat AM, Meny RG. Alimentary absorption of gentamicin in preterm infants. Clin
Pediatr (Phila). (1984) 23(12):683–5. doi: 10.1177/000992288402301205

97. Silva Lagos L, Luu TV, De Haan B, Faas M, De Vos P. TLR2 And TLR4 activity in
monocytes and macrophages after exposure to amoxicillin, ciprofloxacin, doxycycline
and erythromycin. J Antimicrob Chemother. (2022) 77(11):2972–83. doi: 10.1093/jac/
dkac254

98. Willing BP, Russell SL, Finlay BB. Shifting the balance: antibiotic effects on host-
microbiota mutualism. Nat Rev Microbiol. (2011) 9(4):233–43. doi: 10.1038/nrmicro2536

99. Goodhart GL. Effect of aminoglycosides on the chemotactic response of human
polymorphonuclear leukocytes. Antimicrob Agents Chemother. (1977) 12(4):540–2.
doi: 10.1128/AAC.12.4.540

100. Yoon S, Lee G, Yu J, Lee K, Lee K, Si J, et al. Distinct changes in Microbiota-
mediated intestinal metabolites and immune responses induced by different
antibiotics. Antibiot Basel Switz. (2022) 11(12):1762. doi: 10.3390/antibiotics11121762

101. VanHook AM. Antibiotic-induced inflammation. Sci Signal. (2022) 15(745):
eade1683. doi: 10.1126/scisignal.ade1683

102. Kumar L, Chhibber S, Harjai K. Zingerone suppresses liver inflammation induced
by antibiotic mediated endotoxemia through down regulating hepatic mRNA expression
Frontiers in Pediatrics 11
of inflammatory markers in Pseudomonas aeruginosa peritonitis mouse model. PloS
One. (2014) 9(9):e106536. doi: 10.1371/journal.pone.0106536

103. Yang JH, Bhargava P, McCloskey D, Mao N, Palsson BO, Collins JJ. Antibiotic-
Induced changes to the host metabolic environment inhibit drug efficacy and Alter
immune function. Cell Host Microbe. (2017) 22(6):757–765.e3. doi: 10.1016/j.chom.
2017.10.020

104. Tagare A, Kadam S, Vaidya U, Pandit A. Routine antibiotic use in preterm
neonates: a randomised controlled trial. J Hosp Infect. (2010) 74(4):332–6. doi: 10.
1016/j.jhin.2009.09.010

105. Cantey JB. Early antibiotic therapy and adverse outcomes in preterm infants: time
for a trial!. J Pediatr. (2020) 227:13–4. doi: 10.1016/j.jpeds.2020.07.046

106. Shen R, Embleton N, Lyng Forman J, Gale C, Griesen G, Sangild PT, et al. Early
antibiotic use and incidence of necrotising enterocolitis in very preterm infants: a
protocol for a UK based observational study using routinely recorded data. BMJ Open.
(2022) 12(11):e065934. doi: 10.1136/bmjopen-2022-065934

107. Ruoss JL, Bazacliu C, Russell JT, Cruz D, Li N, Gurka MJ, et al. Routine early
antibiotic use in SymptOmatic preterm neonates: a pilot randomized controlled trial.
J Pediatr. (2021) 229:294–298.e3. doi: 10.1016/j.jpeds.2020.09.056

108. Morowitz MJ, Katheria AC, Polin RA, Pace E, Huang DT, Chang CCH, et al. The
NICU antibiotics and outcomes (NANO) trial: a randomized multicenter clinical trial
assessing empiric antibiotics and clinical outcomes in newborn preterm infants. Trials.
(2022) 23(1):428. doi: 10.1186/s13063-022-06352-3

109. Cantey JB, Wozniak PS, Pruszynski JE, Sánchez PJ. Reducing unnecessary antibiotic
use in the neonatal intensive care unit (SCOUT): a prospective interrupted time-series
study. Lancet Infect Dis. (2016) 16(10):1178–84. doi: 10.1016/S1473-3099(16)30205-5

110. Nzegwu NI, Rychalsky MR, Nallu LA, Song X, Deng Y, Natusch AM, et al.
Implementation of an antimicrobial stewardship program in a neonatal intensive care
unit. Infect Control Hosp Epidemiol. (2017) 38(10):1137–43. doi: 10.1017/ice.2017.151

111. Kumar R, Setiady I, Bultmann CR, Kaufman DA, Swanson JR, Sullivan BA.
Implementation of a 24-hour empiric antibiotic duration for negative early-onset
sepsis evaluations to reduce early antibiotic exposure in premature infants. Infect
Control Hosp Epidemiol. (2022):1–6. doi: 10.1017/ice.2022.246
frontiersin.org

https://doi.org/10.1371/journal.pone.0142536
https://doi.org/10.1016/j.jpeds.2018.01.056
https://doi.org/10.1016/j.jpeds.2018.01.056
https://doi.org/10.1128/mSphere.00847-19
https://doi.org/10.1007/s10096-018-3193-y
https://doi.org/10.1177/000992288402301205
https://doi.org/10.1093/jac/dkac254
https://doi.org/10.1093/jac/dkac254
https://doi.org/10.1038/nrmicro2536
https://doi.org/10.1128/AAC.12.4.540
https://doi.org/10.3390/antibiotics11121762
https://doi.org/10.1126/scisignal.ade1683
https://doi.org/10.1371/journal.pone.0106536
https://doi.org/10.1016/j.chom.2017.10.020
https://doi.org/10.1016/j.chom.2017.10.020
https://doi.org/10.1016/j.jhin.2009.09.010
https://doi.org/10.1016/j.jhin.2009.09.010
https://doi.org/10.1016/j.jpeds.2020.07.046
https://doi.org/10.1136/bmjopen-2022-065934
https://doi.org/10.1016/j.jpeds.2020.09.056
https://doi.org/10.1186/s13063-022-06352-3
https://doi.org/10.1016/S1473-3099(16)30205-5
https://doi.org/10.1017/ice.2017.151
https://doi.org/10.1017/ice.2022.246
https://doi.org/10.3389/fped.2023.1112812
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Early antibiotics and risk for necrotizing enterocolitis in premature infants: A narrative review
	Introduction
	Human studies of early antibiotics and NEC
	Randomized studies: old studies indicating that prophylactic early antibiotics may reduce NEC
	Retrospective studies: studies that suggest an association between prolonged early antibiotics and NEC
	Retrospective studies: studies that suggest a potential protective effect of limited early antibiotics against NEC

	Animal studies investigating the relationship of early antibiotics and NEC
	Piglet model of early antibiotics and NEC
	Mouse model of early antibiotics and NEC
	Differences between piglet and mouse model of early antibiotics and NEC

	Proposed mechanisms by which by early antibiotics might increase or decrease the risk of NEC
	Delayed bacterial colonization allows preterm gut defenses to mature and decreases NEC risk
	Aberrant gut colonization disrupts proper postnatal intestinal adaptation and increases NEC risk

	Additional speculations from human and animal studies
	Is there an interaction between early antibiotics and other risk factors of NEC?
	Is limiting activity of early antibiotics key?
	Do antibiotics have direct effects on host immunity and inflammation?

	Summary and future directions
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


