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Abstract

Bronchopulmonary dysplasia is a relatively common and severe complication of prematurity, and its pathogenesis remains
ambiguous. Revolutionary advances in microbiological analysis techniques, together with the growing sophistication of the
gut-lung axis hypothesis, have resulted in more studies linking gut microbiota dysbiosis to the occurrence and development
of bronchopulmonary dysplasia. The present article builds on current findings to examine the intrinsic associations between
gut microbiota and bronchopulmonary dysplasia. The gut microbiota affects bronchopulmonary dysplasia via several potential
mechanisms including alteration of the gut-lung axis, promotion of inflammation and the ensuing growth effects, therefore these
are also investigated. By evaluating the potential mechanisms, new therapeutic targets and potential therapeutic modalities
for BPD can be identified from a microecological perspective.

INTRODUCTION

In recent decades, the survivorship of preterm infants has increased significantly thanks to the improved life-
saving techniques and precise application of medication, but the concomitant challenge is that the incidence
of bronchopulmonary dysplasia (BPD) is gradually rising1. BPD is a severe medical challenge and a tremen-
dous trial for frail preterm infants, in part because the short- and long-term respiratory and neurological
complications associated with BPD severely affect the quality of life of preterm infants2. Furthermore, no
unified consensus has so far been reached regarding the definition, pathology, pathogenesis and treatment
options of BPD. Therefore, it has become imperative to understand this condition and dissect BPD from
different angles. Recent evidence has demonstrated the critical contribution of the gut microbiota, as the
most prominent component of the micro-ecological environment, in several respiratory diseases3. Notably,
a growing body of research has examined BPD and gut microbiota dysbiosis associations. Despite this, few
comprehensive reports have been published in this area. As such, this review’s significance is to highlight the
bidirectional impact of gut microbiota dysbiosis and BPD and establish the possible mechanisms by which
gut microbiota dysbiosis affects BPD.

A BRIEF RETROSPECT OF THE GUT MICROBIOTA

The human micro-ecological environment is an incredibly intricate “super bacterial body ” that coexists in
organs such as the skin, lungs, and intestines, with specific bacterial colony patterns in different regions. The
gut microbiota includes all the bacteria, archaea, viruses, eukaryotes, protozoans, and surroundings in the
gastrointestinal tract4. About 100 trillion microbes live in the gastrointestinal tract, and the total number of
cells and genomes of these bacteria are 10 times and more than 100 times greater respectively compared to
humans5. Surprisingly, such massive colonization still maintains a long-term, mutually beneficial and deep
relationship with the host.

The importance of the gut microbiota to the host lies, on the one hand, in the fact that it strengthens
the intestinal epithelial mucosal barrier and is involved in the digestion of food, absorption of nutrients,
metabolism of drugs, and defense against pathogens and toxins6,7. It also motivates intestinal ripening by
releasing mucus, promoting angiogenesis, thickening the villi, widening the mucosal surface, and supporting
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. cell proliferation8. Besides these actions, gut microbiota produces a variety of vital substances such as
vitamins B12, folate, biotin, pyridoxine and thiamin, as well as metabolites including short-chain fatty acids
(SCFA), bacteriocins, and microbial amino acids, which are involved in a variety of biological metabolic
activities6,7. Furthermore, the gut microbiota promotes growth by inducing insulin-like growth factor-1
signaling9.

On the other hand, the gut microbiota activates and regulates a range of immune cells such as innate hema-
tolymphoid cells, natural killer cells, and helper lymphocytes, reflecting its essential contribution in driving
the host immune function10. SCFA, polysaccharide A, α-galactosylceramide, and tryptophan metabolites
from the gut microbiota activate interleukin-22, interleukin-17, IgA, and Reg3γ which participate in im-
mune regulation11. SCFA also stimulates the production of the anti-inflammatory factors interleukin-10,
interleukin-21; murein lipoprotein, a cell wall component of gut microbiota, and can also promote IgG
release12. Conceivably, healthy colonization of gut microbiota during infancy has profound implications for
future immunity and metabolism13,14.

Notably, the gut microbiota’s significance probably dictates its rapid establishment shortly after birth but
may be influenced by prenatal non-sterile intrauterine conditions, a special placental microbiota15. In the
early stages of life,Proteobacteria and Actinobacteria are significant members of the gut microbiota; over time,
the diversity and abundance of the intestinal microbiota evolved until early childhood acquired a microbial
composition similar to that of adults16. By this stage the microbiota consists mainly of Proteobacteria
,Firmicutes ,Actinobacteria , Verrucomicrobia , andBacteroidetes at the phylum-level, with Firmicutes and
Bacteroidetes accounting for 90 percent of the total present4,6. Other studies have shown that Gram-positive
cocci , Enterobacteriaceae orBifidobacteriaceae are the major components of infant gut microbiota, which
gradually transition to a predominance ofBifidobacteriaceae 17. In contrast, the gut microbiota of preterm
infants in the neonatal intensive care unit (NICU) were more likely to show a sequential switch from Bacillito
Gammaproteobacteria toClostridia 18,19. Overall, this dynamic transition in the gut microbiota is likely an
adaptive alteration undertaken by the evolving neonatal population. However, this adds to the challenge
of understanding the gut microbiota during the neonatal period. Therefore, it is not surprising that some
studies have reported differing or even opposing results in gut microbiota composition during the neonatal
period.

It is noteworthy that throughout gut microbiota development, its composition is extremely susceptible to a
variety of elements as shown in Figure 1 15,16. Antibiotics are presumed to be one of the most important
and sensitive factors in causing insult to the gut microbiota. For example, early administration of oral an-
tibiotics to newborn rats resulted in significant gut microbiota changes, indicating that Proteobacteria and
Bacteroidetesreplaced Firmicutes and Actinobacteria , and the concomitant descent in the proportion of
Clostridia andBacilli was accompanied by an increment inGammaProteobacteria 20. Furthermore, remark-
able changes in gut microbiota diversity were observed in infants exposed to antibiotics both prenatally and
during the intrapartum stages, especially in terms of decreases observed in Bacteriodetes andBifidobacteria
and an increase inProteobacteria 21. Another study showed that postnatal antibiotic exposure was associ-
ated with significantly lower levels of Enterococcus and Lactobacillus in the intestines of preterm infants,
with Enterococcus thought to be associated with immunomodulation22 and Lactobacillusexhibiting powerful
anti-inflammatory properties23.

Previous studies have shown that early and prolonged antibiotic exposure increases BPD risk in deficient
birth weight infants24. One possible explanation is that antibiotics lead to alterations in the taxonomy and
functional diversity of the gut microbiota, prolonging the time to restore healthy colonization and increasing
foreign pathogen invasion opportunities25. Antibiotics can also whittle down the concentrations of SCFA20,
which are considered to have antibacterial and anti-inflammatory properties26. Besides this, antibiotics
diminish the abundance ofLactobacillus , which may delay host weight gain27 and further affect BPD28.

Gestational age is another factor that affects the gut microbiota. Premature infants showed reduced mi-
crobiota diversity compared to full-term infants, with decreased amounts of Bifidobacterium andBacteroides
and increased amounts of Enterococcus andProteobacteria in those born early4. Other research has found
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. a significantly increased abundance ofStaphylococcaceae in NICU preterm infants, accompanied by delayed
transition to Bifidobacteriaceae ; a decrease inBifidobacteriaceae possibly results in acetate concentration and
pH changes, which are also associated with premature health17. In part, preterm infants are usually trans-
ported to environmentally stringent NICU, thus limiting their contact with mothers and the surrounding
environment, which results in a delayed or impaired conversion of the gut microbiota from facultative anaer-
obic to completely anaerobic bacteria14. This may result in an insufficient abundance of Bifidobacterium
andBacteroides and lead to increased pathogenic bacteria invasion.

Taken together, the gut microbiota probably exerts a tremendous impact on health. Maintaining gut micro-
biota diversity and stability potentially enhances host-specific resistance to the environment, as abundant
species can mutually compensate for functional deficiencies29. Conversely, once the indicators representing
the relative steady state of the gut microbiota, including resistance, resilience, and functional redundancy,
change dramatically, the gut microbiota may have a diminished or delayed ability to recover its original
phenotype13. Once the original phenotype cannot be regained, gut microbiota dysbiosis can occur, which
may result in onset of several gastrointestinal and extraintestinal diseases, as shown in Figure 1 .

ASSOCIATION OF GUT MICROBIOTA WITH BPD

Considerable numbers of studies have demonstrated lung microbiota imbalances in patients with BPD30,31.
This is of interest given that the intestinal and respiratory epithelium have many similarities, both anatom-
ically and functionally32. Several studies have investigated gut microbiota dysbiosis in BPD patients. Re-
search found that the relative abundance ofEscherichia and Shigella increased significantly, whileKlebsiella
and Salmonella declined markedly in gut microbiota from infants born transvaginally with BPD compared
to those without BPD33. Furthermore, the gut microbiota of preterm infants receiving mechanical ventila-
tion was significantly enriched in Proteobacteria with age, whilst Firmicutesnumbers declined sharply and
Staphylococcus was the dominant genus at the genus level34. Another case-controlled study showed that the
operational taxonomic units, relative abundance, and Shannon index of the gut microbiota were significantly
reduced in BPD infants 28 days after birth35. Additionally, BPD severity probably correlated positively
with the risk of gut anaerobic microenvironment disruption35.

Interestingly, it also appears that changes in the gut microbiota of BPD can be viewed from the perspective of
metabonomics. Pintus et al.36 collected urine samples from 18 newborns seven days after birth and identified
that the BPD and non-BPD groups displayed distinct metabolic patterns. Specifically, alanine and betaine
increased, while trimethylamine-N-oxide (TMAO), lactate, and glycine decreased in the BPD group. Since
the gut microbiota mediates the formation and production of TMAO to some extent37, it can be assumed
that the decreased levels of TMAO in BPD patients reflect alterations in their gut microbiota.

These data directly or indirectly reveal the fact that gut microbiota dysbiosis occurs in BPD infants. In fact,
gut microbiota dysregulation in turn probably also affects the progression of BPD. For instance, in the BPD
model of perinatal maternal antibiotic exposure (MAE), the destruction of the gut microbiota diminished
pulmonary vascular density, thickened the alveolar septum under hyperoxia, induced alveolar simplification
and promoted more severe BPD characterized by pulmonary fibrosis38. It is worth mentioning that MAE
was sufficient to induce pulmonary vascular obstacle even under normoxia conditions, suggesting that lung
structural abnormalities are associated with microbiota dysbiosis38. Another study also showed that MAE
remarkably diminished the abundance of commensal bacteria in the mouse gut, which aggravated hyperoxia-
induced impairment of alveolar and angiogenesis39. Moreover, a cohort study in people showed a markedly
increased risk of death or BPD in very low birth weight (VLBW) infants who received antibiotics two weeks
after birth40. The increased risk of death or BPD was positively correlated with antibiotic exposure duration,
meaning that each additional day of antibiotics was associated with an approximately 13% increased BPD
risk40.

Paradoxically, however, Althouse et al.41 reported that although MAE caused gut microbiota dysbiosis,
this did not dramatically exacerbate the hyperoxia lung injury phenotype. Another study showed that the
lung microbiota is more likely to influence BPD severity than the gut microbiota42. One possibility is that
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. in addition to BPD, there are likely multiple other factors influencing gut microbiota, this increases the
uncertainty of both associations, suggesting that the correlation between gut microbiota and BPD needs
further investigation.

Hyperoxia is known to be a high-risk factor for BPD. One possible reason is that hyperoxia alters
the gut microbiota, leading to the pathogen invasion and inflammation involved in BPD development.
For example, hyperoxia exposure dramatically elevated amounts ofEnterobacteriaceae 43, Proteobacteria
andEpsilonbacteraeota 44 in mouse intestines. Another murine intestinal tract showed that hyperoxia reversed
the antibiotic-induced decreases in Bacteroidales andAlistipes and incerases ofAkkermansia 41. The gut of
rats exposed to hyperoxia conditions also showed enrichment of Streptococcus andGammaproteobacteria and
Proteusdeficiencies45. Furthermore, Ashley et al.46 showed that following 72 hours of hyperoxia exposure,
the intestinal tracts of mice exhibited pronounced decreases in the Firmicuts and Ruminococcaceae families
and significantly increased Bacteroidetes were present; this gut microbiota dysbiosis possibly correlated with
the degree of lung inflammation. Notably, the authors demonstrated that dysregulation of the lung and
gut microbiota occurred prior to lung injury, suggesting that the microbiota dysbiosis contributed to the
formation of hyperoxia-induced lung injury in mice46. In contrast, hyperoxia-exposed germ-free mice showed
diminished structural and functional lung damage and had attenuated inflammatory infiltration compared
to non-germ-free mice, suggesting a role for the microbiota in the development of BPD47.

Another aspect to consider is that hyperoxia disrupts intestinal epithelial cells, causing changes to the se-
cretory component proteins, thus affecting mucosal immunity48. The intestine of hyperoxia-exposed rats
showed significantly increased diamine oxidase, intestinal fatty acid binding protein, liver-type fatty acid
binding protein, and concomitant decreased tight junction protein, suggesting impairment of the intestinal
mucosal barrier49. Besides these differences, hyperoxia markedly elevated intestinal permeability and up-
regulated inflammatory markers such as toll-like receptor 4 (TLR4), nuclear factor kappa-B, tumor necrosis
factor-α (TNF-α), interleukin-10, and interferon-γ49,50. These results presumably facilitated the transloca-
tion of intestinal bacteria into the lungs, leading to an increase in pulmonary cytokines which affected lung
health51.

Metabolically, important considerations include fecal volatile organic compounds (VOCs), which are po-
tentially intimately linked to BPD. VOCs probably affect lung function by altering the gas-liquid interface
properties of pulmonary surfactant52, stimulating the production of pro-inflammatory factors53, and exac-
erbating oxidative stress54. Furthermore, VOCs alter the microRNA profile of lung tissue, which in turn
impairs lung health55. Research has identified that VOCs can potentially predict the risk of lung injury in
swine exposed to hyperoxia56. Similarly, VOCs can help diagnose and predict the onset of acute respiratory
distress syndrome57 and BPD58 early. One study revealed that several fecal VOCs, such as tetradecane, N-
nitrosopyrrolidine, and trichloretene, were significantly elevated in BPD patients59. Other studies confirmed
that changes in fecal VOCs were intimately related to BPD severity60.

Notably, fecal VOC analysis is considered to be an accurate diagnostic tool for gastrointestinal diseases, and
transformations in the gut microbiota play an etiological role. In other words, fecal VOCs largely reflect
the composition, function, and interaction of gut microbiota61. Thus, from this perspective, gut microbiota
dysbiosis likely causes changes in fecal VOCs, which further affects BPD.

Briefly, gut microbiota and BPD presumably mutually influence each other, but extensive experiments are
needed to elucidate the specific mechanisms regarding their bidirectional effects. It is also necessary to
establish the intrinsic link between gut microbiota dysbiosis and BPD through more direct experiments,
rather than relying on antibiotic exposure, as antibiotics can damage microbiota in other parts of the host.
Furthermore, it remains to be fully understood whether other gut microbiota members such as archaea,
viruses, eukaryotes, and protozoans influence BPD.

POSSIBLE MECHANISMS OF GUT MICROBIOTA INFLUENCING BPD

Although the causal relationship between BPD and gut microbiota and their exact interaction mechanisms
are not sufficiently well defined, a growing body of research suggests that gut microbiota dysbiosis can impair
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. the gut-lung axis, activate inflammation, and influence growth; as shown in Figure 2 , these outcomes
potentially compromise BPD further.

Gut microbiotadysbiosis alters the gut-lung axis

The gut microbiota may influence BPD by mediating lung immunity. A meaningful way to accomplish this
process is the gut-lung axis, which can be articulated as a dysbiosis of the gut/lung microbiota that affects
lung/intestinal health26. Achieving this sophisticated bidirectional crosstalk may involve both the circulatory
and lymphatic immune systems. On the one hand, intestinally produced bacterial products (e.g., cellular
debris, metabolites) reach the pulmonary circulation via the systemic circulation, stimulating lung immune
cells (e.g., dendritic cells (DCs), macrophages, T cells, and neutrophils) to activate inflammation and trigger
lung injury62. On the other hand, intestinal DCs recognize the antigens and migrate towards the mesenteric
lymph nodes or gut-associated lymphoid tissue in order to activate B and T cells, which consequently reach
the lung epithelium and activate the lung immune response62.

For example, the gut microbiota can upregulate interleukin-17A levels which initiate granulocyte-macrophage
colony-stimulating factor signaling, which further enhances the abilities of alveolar macrophages in relation
to scavenging Streptococcus pneumoniae andKlebsiella pneumoniae 63. Neonatal mice exposed to gut com-
mensal bacteria had better lung mucosal defenses than those not exposed, presumably due to intestinal
DCs inducing CCR4 expression which promoted interleukin-22-producing group 3 innate lymphoid cell mi-
gration into the lungs, thereby enhancing lung immunity; importantly, CD103+CD11b+DCs recognition of
the gut microbiota is required to initiate this process64. Furthermore, the high mortality of pulmonary
viral infections in antibiotic-exposed mice may be due to immune compromise caused by dysbiosis of the
gut microbiota, leading to an increase in lung interferon-γ, interleukin-6, and CCL2 and a decrease in Treg
cells65.

These data suggest that the gut-lung axis links the bidirectional crosstalk between the intestine and lung.
Microbiota dysbiosis in either side of the gut and lung is likely to have potentially dramatic impacts on
the other side via the gut-lung axis. Given that previous studies have examined the association between
dysbiosis of the lung microbiota with the occurrence and development of BPD66,67, we have constructed a
lung microbiota-gut microbiota-BPD triangle, as shown in Figure 3 . We propose that each factor in the
triangle is probably strongly interrelated. Hence, it is not difficult to infer that maintaining the stability of
the host’s entire microbiota has profound implications for preventing or improving BPD.

Although the function of the gut-lung axis in other respiratory diseases has been well-defined, the specific
mechanisms of how the gut microbiota affects the lung via the gut-lung axis in BPD have been investigated
less. Future directions exploring more experimental data in relation to the gut-lung axis in BPD may be
required to further explain this complex area. Fully grasping this relationship is imperative as new potential
therapeutic targets for BPD may be elucidated.

Gut microbiota dysbiosis promotes inflammation

An essential aspect in the development of BPD is inflammation activation. Recruitment of neutrophils and
macrophages to preterm immature lungs in response to chemokines contributes to the production of several
inflammatory factors such as interleukin-1, interleukin-6, interleukin-8, TNF-α and transforming growth
factor-β (TGF-β), resulting in lung injury68, an essential pathological process in BPD. In addition, recent
studies have shown that the decrease of interleukin-17A69, as a microbial signal-related cytokine38, and
anti-inflammatory factor interleukin-1070, is strongly associated with BPD.

Notably, the gut microbiota appears to exert an extraordinarily vital function in regulating lung inflam-
mation. The gut microbiota drives the secretion of interleukin-1β, interleukin-6, and TGF-β71,72, and its
dysregulation causes a decrease in both interleukin-17A and interleukin-22, while altering interleukin-6 and
TNF-α signaling38. For example, gut microbiota dysbiosis caused significantly elevated levels of interleukin-6
in bronchoalveolar lavage fluid from mice with lipopolysaccharide-induced lung inflammation73. Further-
more, findings suggest that the metabolic state of alveolar macrophages is significantly altered in response

5



P
os

te
d

on
A

u
th

or
ea

19
M

ar
20

21
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

61
74

22
.2

65
00

54
5/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. to gut microbiota dysbiosis74. In contrast, supplementation with acetate, generated by the gut microbiota,
dramatically diminished the levels of inflammation in the lungs of neonatal mice exposed to hyperoxia75.
Moreover, fecal microbiota transplantation attenuated inflammatory cell infiltration and interstitial lung ex-
udates in acute lung injury in rats by downregulating the expression of TNF-α, interleukin-1β, interleukin-6,
and TGF-β176. Similarly, fecal microbiota transplantation has been shown to alleviate radiation-induced
lung inflammation77. Additionally, mice with gut microbiota dysbiosis that received fecal microbiota trans-
plantations showed earlier recovery of both TNF-α and interleukin-10 levels following Streptococcus pneumo-
niaeinfection74.

Furthermore, the gut microbiota probably affects BPD by influencing the expression of specific immune genes
in the blood33. For example, MAE increases the number of CD45-positive cells and granulocytes, leading to
over-immunity, resulting in lung injury38. Besides this, metabolites produced by the gut microbiota, such
as lipopolysaccharide, recognized by TLR4 via the pathogen-associated molecule patterns pathway, caused
an increase in interleukin-1β, which further activated nuclear factor kappa-B and formed an inflammatory
cascade leading to lung injury43.

Surprisingly, gut microbiota and its metabolites also seem to be associated with pulmonary fibrosis78. For
example, TLR4 recognizes the damage-associated molecular pattern signal produced by the gut microbiota
and activates myeloid differentiation 2/TLR4-dependent fibroblasts under the drive of myeloid differentiation
2, resulting in lung fibrosis79.

Collectively, gut microbiota dysbiosis initiates inflammation partly via direct transfer of bacteria to the
lungs80 and partly through the release of specific immune signals such as polysaccharide A, sphingolipids,
which are taken up by immune cells triggering an inflammatory response. Moreover, gut microbiota dysreg-
ulation causes impaired intestinal epithelial integrity, allowing microorganisms and metabolites to directly
enter the bloodstream, leading to systemic inflammation. When the developing lungs receive these abnormal
or amplified inflammatory signals, they alter the lungs perception of their surroundings, leading to chronic
inflammation32.

Gut microbiota dysbiosis affects growth

It is widely accepted that malnutrition is one of the most critical factors leading to the occurrence and
deterioration of BPD. Previous studies have shown that adequate early energy and protein supply are
significantly negatively correlated with BPD risk28,81. For VLBW or extremely premature (EPT) infants,
elimination of undernutrition as a means of recovery from BPD may be beneficial. Notably, there appears to
be a strong correlation and partial overlap between postnatal growth restriction, gut microbiota dysbiosis,
and BPD, especially between gut microbiota and preterm infant nutrition, although the causal relationship
between the three still needs to be confirmed82.

Mice receiving gut microbiota from malnourished infants developed growth disturbances and metabolic ab-
normalities, whereas mice receiving gut microbiota from healthy infants did not. Interestingly the mice
received the gut microbiota from undernourished infants gained in terms of growth advancement when the
two groups of mice cohabited83. A microbiota-directed complementary food study showed improvements in
the nutritional status of gnotobiotic animals and promoted growth, bone formation, neurodevelopment, and
enhanced immune function were observed in malnourished children84. Furthermore,Lactobacillus plantarum
helped maintain weight and length in germ-free mice exposed to chronic malnutrition by partially elimi-
nating peripheral tissue resistance to growth hormone and insulin-like growth factor-1, thus illustrating the
importance of the gut microbiota in promoting growth85.

Actinobacteria , Proteobacteria , and Firmicutes at the phylum level of gut microbiota were remarkably
correlated with nutritional intake. Actinobacteria and Proteobacteriacorrelate with lipid intake, Firmicutes
with protein, and all three are associated with carbohydrates, these presumably facilitate increased calories
uptake and growth19. In addition, the gut microbiota is involved in energy metabolism as it regulates the
levels of several organic acids such as pyruvate, citric acid, fumaric acid and malic acid, and is intrinsic
to lipid metabolism as the microbiota regulates lipase activity12. For example, gut microbiota dysbiosis
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. releases specific signals to accelerate lipolysis and fatty acid oxidation, which is probably a contributor to slow
growth in malnourished infants86. Moreover, SCFA (butyrate, acetate and propionate) and other specific
substances (trimethylamine, indolepropionic acid) secreted by the gut microbiota contribute crucially to
various nutrient metabolic processes including food fermentation and transformation. Specifically, butyrate
helps collect energy, propionate senses gluconeogenesis and satiety signals, acetate is involved in cholesterol
and fat metabolism, gut microbial enzymes regulate bile acid metabolism, and indolepropionic acid fights
free radicals29.

Recent studies indicated that growth disorders were strongly associated with reducing gut microbiota diver-
sity and maturity.Staphylococcaceae and Enterobacteriaceae were the dominant bacteria observed during the
growth decline phase, whereasStreptococcus and Bifidobacterium were present in relatively high proportions
during the growth catch-up period86. An obvious consideration is the weakened ability of Enterobacteriaceae
(a significant member within theGammaproteobacteria family) to decompose human milk oligosaccharides
and engender less butyrate and vitamins, which cripples intestinal digestion and absorption87. Furthermore,
Yee et al.88 showed a relationship between the growth of 83 VLBW infants and longitudinal gut microbiota
changes. They discovered that weight gain was related to the alpha diversity of the microbiota, and length
gain was related to the fluctuation amplitude of beta diversity and maturity. Gut microbiota dysbiosis im-
pedes VLBW growth through multiple pathways, such as weakened or disrupted synthesis of polysaccharides
and amino acids, consequently making it more susceptible to pathogens87.

It is of note that weight-gain at different age stages is possibly influenced by the composition of the gut
microbiota at specific times. For example, the gut microbiota during early postnatal days impacts the weight
of preterm infants at one month of age. In these cases the abundance of Staphylococcus and Enterococcus
wasnegatively correlated with weight-gain, whereas Weissella was positively associated with weight-gain89.
Similarly, the diversity and maturity of the gut microbiota at month 6 postnatally were correlated with
weight-gain at 6-12 months of age, during which time Proteobacteria and Bacteroidetes were positively
correlated with weight-gain, whereas Actinobacteria were negatively correlated with weight-gain90.

These data suggest that gut microbiota plays a critical role in growth. Gut microbiota dysbiosis and malnu-
trition are in turn involved in BPD potentially through mechanisms such as altering epigenetics, promoting
inflammation and oxidative stress, changing intestinal permeability, modifying vascular and lymphatic vessel
development, and by affecting micronutrients82.

CONCLUSIONS

BPD continues to be a challenge for preterm infants worldwide. Today, BPD has an increasing incidence rate,
and whilst there are no definitive treatment options, several intricate mechanisms have been identified and
associated with the condition. The gut microbiota, as an “invisible organ ” of the host, has been shown to play
critical roles in many diseases throughout all of the body systems. A growing number of studies have shown
an intrinsic association between gut microbiota and BPD. Although the causal relationship between the two
remains to be determined, gut microbial dysbiosis may affect BPD in a number of ways, including altering the
gut-lung axis, promoting inflammation, and affecting growth. Therefore, fecal microbiota transplantation
or probiotics potentially represent therapeutic options for the treatment or prevention of BPD. Despite
these advances, investigations into the associations between gut microbiota and BPD currently remain in
the preliminary exploratory stages, and substantial questions need to be addressed urgently. Therefore,
further experiments are required to demonstrate the feasibility and safety of this therapeutic modality before
identifying gut microbiota as a therapeutic target for BPD. Future directions also need to focus on refining
the knowledge related to the specific mechanisms by which the gut microbiota affects BPD.

In conclusion, a comprehensive understanding of the relationship between the gut microbiota and BPD is
necessary and urgent. Comprehending the relationships may add new dimensions to the pathogenesis of
BPD and be used as targets for more promising therapeutic approaches.
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Figure 1 Factors affecting gut microbiota and dysbiosis of gut microbiota impact certain diseases

Figure 2 Possible mechanisms of gut microbiota influencing BPD

Figure 3 Lung microbiota-gut microbiota-BPD triangle
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