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Introduction

Background

Necrotizing enterocolitis (NEC) is a devastating diagnosis 
involving significant intestinal injury that typically affects 
premature neonates. Despite advancements in neonatal care 
in recent years, NEC remains the leading cause of morbidity 
and mortality in premature infants, affecting about 2–5% of 

all premature infants and approximately 7% in very low birth 
weight premature infants (1,2). The overall mortality is most 
severe among infants requiring surgery, however on average, 
ranges between 20% and 30%, but approaches 100% in 
infants with the most severe form of the disease (1,2). 

NEC is a complex diagnosis and has a range of risk 
factors and cellular processes that contribute to disease 
susceptibility and its pathogenesis. Despite years of active 
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research, the precise mechanisms underlying the intestinal 
injury remain to be fully elucidated. Consistent risk 
factors for NEC intestinal injury include low birth weight, 
prematurity, intestinal immaturity including intestinal 
barrier function and inflammation, microbial colonization, 
and history of enteral feeding, in particular with high 
osmotic formula or a rapid advancement in feeding  
(Figure 1) (1,3,4). Other factors such as gastric acid 
suppression, circulatory disorders, hypoxia, and a poor 
intrauterine environment have been postulated to contribute 
to NEC, however these data are inconclusive (1-3).

The intestinal injury seen in NEC is associated with 
a hyperinflammatory response and dysregulation of the 
normal cellular processes crucial to intestinal barrier 
function (1,5). The semi-permeable intestinal barrier 
helps to regulate microbiome homeostasis and has been 
a focus of research not only in the diagnosis of NEC, but 
also in inflammatory bowel disease (IBD) signifying its 
importance in the pathology of intestinal injury (6,7). A 
healthy intestinal barrier is a dynamic system with cells 
interacting with the gut microbiome, the immune system, 
and chemical signals. The mainstay of the intestinal barrier 
is the intestinal epithelial cells which consist of enterocytes, 
goblet cells, enteroendocrine cells, and Paneth cells (6,8). 
Microbial gut dysbiosis occurring through insults such as 
initiation of enteral feeds, intestinal ischemia, or pathologic 

bacterial translocation can perpetuate intestinal barrier 
injury such as that seen in NEC or IBD (9,10).

Rationale and knowledge gap

The premature infant gut has many differences when 
compared to full term infants or adults (11). The 
microbiome seen in premature neonates has been shown to 
be less diverse than in full term infants leading to alterations 
in the interactions between the intestinal epithelial cells and 
the components they produce (6-8,11-13). The microbial 
dysbiosis that contributes to intestinal barrier disruption 
that can be seen in premature infants has been hypothesized 
to be attributed to abnormal peristalsis, low gastric acid 
production, altered intestinal mucin layer, and altered 
intestinal enzyme activities (14-17). There is a paucity of 
knowledge regarding the intestinal epithelial cell barrier in 
regards to causality, prevention, and potential treatments 
for intestinal injury seen in NEC. 

Objective

We aim to produce this narrative review focusing on the 
intestinal epithelial cell barrier and the role of increased 
permeability in the intestinal injury seen in NEC along 
with current and potential future research strategies on 
the subject. We present this article in accordance with the 
Narrative Review reporting checklist (available at https://
pm.amegroups.com/article/view/10.21037/pm-22-41/rc).

Methods

A literature review using the databases PubMed and Google 
Scholar was performed utilizing search terms “necrotizing 
enterocolitis”, “epithelial cell permeability in NEC”, 
“inflammatory reaction in NEC”, “tight junctions in NEC”, 
“gastric motility in NEC”, “intestinal prematurity in NEC” 
(Table 1). This search was performed from July 2022 to 
August 2022 without a specified time frame.

Discussion 

The intestinal barrier

The semi-permeable intestinal barrier consists of the 
outer mucus layer, the intestinal epithelial cells, and the 
inner lamina propria (18). The outer mucus layer is mainly 
formed from mucin 1 and 2, secreted by goblet cells, 

Figure 1 Permeability, microbial dysbiosis, enteral feeds with high 
osmotic content or rapid rate, and intestinal immaturity can result 
in the intestinal injury that is seen in the diagnosis of NEC. NEC, 
necrotizing enterocolitis.

https://pm.amegroups.com/article/view/10.21037/pm-22-41/rc
https://pm.amegroups.com/article/view/10.21037/pm-22-41/rc
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Table 1 Methods of the narrative review

Items Specification

Date of search 07/2022–08/2022 

Databases and other sources searched PubMed, Google Scholar

Search terms used Necrotizing enterocolitis; epithelial cell permeability in NEC; inflammatory reaction in NEC; tight 
junctions in NEC; gastric motility in NEC; intestinal prematurity in NEC

Timeframe Literature published until search date

Inclusion and exclusion criteria Inclusion: English language, focused on the above search terms in relation to necrotizing 
enterocolitis

Exclusion: involving non-specific inflammatory bowel disease

Selection process Selection of references was agreed upon all authors

NEC, necrotizing enterocolitis.

resulting in an adherent structure overlying the intestinal 
epithelium (7,13,19). Its main purpose is to help prevent 
bacterial translocation and invasion by altering adhesion 
and movement to the intestinal barrier (19,20). The 
mucus layer changes with age, in response to bacteria, and 
following injury (21-23). Alterations in the mucus layer have 
mainly been demonstrated in animal studies showing that 
it is decreased in prematurity allowing larger, potentially 
pathogenic molecules to come into contact with the 
underlying intestinal epithelium (21-23). The premature 
neonate intestine has been shown to express lower levels of 
mucin 1 and 2 therefore decreasing the defense mechanisms 
produced by mucin 1 and the viscosity of the mucus layer 
produced by mucin 2 (19,20). This allows for easier bacterial 
translocation to the underlying intestinal epithelium resulting 
in an inflammatory response further perpetuating intestinal 
injury (19,20,22). Once able to traverse through the outer 
mucus layer of the intestinal barrier, pathogens encounter 
another physical barrier, the intestinal epithelial cells (24). 
These consist of four major cell types: the enterocytes, 
goblet cells, Paneth cells and enteroendocrine cells (6-8). 
Intercellular junctions mediate the interactions between the 
four major types of cells allowing for regulation of the semi-
permeable nature present in intestinal epithelial cell barrier 
(6,7). An intact epithelial cell layer with properly functioning 
intercellular junctions is crucial in maintaining homeostasis 
and protecting against potential infection in conjunction with 
other components of the intestinal system (1,25). 

Intercellular junctions

Intercellular junctions consist of tight junctions, adherence 

junctions, and desmosomes (6,7). Tight junctions are 
continuous, circumferential structures that contribute to 
the barrier at the apical end of the intercellular spaces made 
up of occludin, ZO-1, cingulin, and claudin proteins (6). 
This serves to maintain the polarity of cells and preserve 
the distinct environment on either side of the barrier 
while maintaining a semi-permeable intestinal epithelial 
cell layer (6). They are very adaptable and responsible for 
regulating the transport of nutrients and preventing leakage 
of macromolecules from the lumen (6). In both human 
and animal studies, it has been demonstrated that in NEC 
diagnoses the genes responsible for coding the proteins 
claudin-4, ZO-1, and occludin were severely downregulated 
compared to controls altering the integrity of the tight 
junctions and intestinal epithelium (26). To further study 
this phenomenon enteroids, an intestinal organoid that 
is a self-organizing group of stem cells consisting of 
all four epithelial cell types, are generated and can be 
subjected to conditions to induce NEC by administering 
lipopolysaccharide (LPS) and hypoxia. Following this 
treatment to induce NEC, the enteroids have been shown 
to exhibit alterations in tight junction proteins and have 
a heightened inflammatory response altering intestinal 
barrier function compared to controls (19). Interactions 
with LPS have been shown to down regulate tight junction 
protein gene expression and through studies on IBD it has 
been demonstrated that inflammatory cytokines can also 
alter tight junctions (7). Tumor necrosis factor-α (TNF-α), 
an inflammatory cytokine produced after interactions 
with bacterial pathogens, may also alter tight junctions 
by altering the transcription for the proteins mentioned 
previously (7). In addition to altering transcription of tight 
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junction proteins, TNF-α has been shown to alter intestinal 
epithelial permeability by inducing apoptosis of the 
enterocytes and preventing tight junctions from acting on 
and filling the gaps left in the barrier (7). Alterations of the 
gene transcription and expression for these tight junction 
proteins may be significant in future studies for treatments 
of the intestinal injury seen in NEC and with the use of 
enteroids it is possible to study this phenomenon ex vivo for 
a deeper understanding of the diagnosis. 

The remainder of the intercellular junctions consists 
of adherence junctions and desmosomes. The adherence 
junctions are adjacent to tight junctions and assist in cell 
recognition and mediating intercellular associations (6). 
Next to the adherence junction is the desmosome, which 
helps to create stronger intercellular associations (6). Tight 
junctions in particular remain a noteworthy area of research 
for the present and future of intestinal disease in NEC. 

The intestinal epithelium 

As previously mentioned, the intestinal epithelial cells are 
made up of four major cell types: the enterocytes, goblet 
cells, Paneth cells and enteroendocrine cells (6-8). The 
enterocytes form the single, columnar layer of cells held 
together by the intercellular junctions and maintain the 
selectively permeable nature of the barrier (6,8,19). Goblet 
cells are single cell glands differentiated from intestinal 
epithelial cells that are responsible for the secretion of 
mucins to form the mucus layer of the intestinal barrier  
(6-8,13,19). Goblet cell depletion and alteration of function 
has been demonstrated in studies looking at the intestine of 
NEC patients which is implicated in the decreased mucus 
layer seen in the intestinal injury characteristic of NEC (23). 

Paneth cells remain in the intestinal crypts and are 
responsible for maintaining intestinal stem cells and villi 
development through secreting growth factors such as 
epidermal growth factor, transforming growth factor-β, and 
Wnt3 (19). Paneth cells also secrete anti-microbial agents 
such as phospholipase A2, lysozymes, and α-defensins and 
immunomodulators into the mucus layer to aid in prevention 
of bacterial translocation (19). Paneth cells fully mature 
around 35–40 weeks of gestation, leaving premature infants 
without a fully functional intestinal epithelial cell barrier if 
born before this time (19,27-29). The lack of mature Paneth 
cells leads to alterations in the interactions of the intestinal 
barrier with the microbiome and alters the mechanism by 
which the intestinal epithelial cells repair themselves. Studies 
have shown a decrease in Paneth cells in infants with NEC 

compared to controls (19,27-29). However, some other 
studies have demonstrated an increase in factors such as 
α-defensin in some infants that developed NEC, which may 
have demonstrated a difference in surgical resection timing, 
however this highlights the fact that NEC is a complex 
diagnosis and the need for continued research is critical (28). 

The fourth cellular component of the intestinal 
epithel ium, the enteroendocrine cel ls ,  maintains 
homeostasis by responding to signals from neurons and 
microbes to secrete regulatory peptide hormones (19). This 
helps to modulate interactions with the gut microbiome 
and removal of pathogens. They also release chemokines 
and defensins similar to Paneth cells (19). Through their 
maintenance of the epithelial cell barrier enteroendocrine 
cells may play a role in intestinal injury prevention, however 
there is a lack of studies comparing these cells in patients 
with NEC to controls indicating potential future research 
opportunities (19). 

The microbiome

The microbiome consists of diverse microorganisms in the 
gastrointestinal tract which communicate with the intestinal 
epithelial cells and immune cells to regulate immune 
responses and maintain homeostasis (11). Alterations of the 
microbiome, whether it be low microbial diversity or an 
overabundance of bacteria, can lead to significant problems 
for the intestinal epithelial cells (11). Microbial dysbiosis is 
frequently seen in premature neonates and can be attributed 
to multiple factors. 

Due to the under-development of the aforementioned 
intestinal epithelial cells, the premature infant intestinal 
barrier exhibits increased “leakiness” at baseline in contrast 
to a mature intestinal barrier (1,9,10). The mature intestine 
has many other factors that act as a defense against 
pathologic bacteria. The mature intestine has coordinated 
peristalsis, balanced gastric acid secretion, proteolytic 
enzymes, and the intestinal barrier itself is more mature 
exhibiting mature mucus layer, epithelial cells, and tight 
junctions (14,30,31). Intestinal motility usually develops 
during the third trimester and the migratory motor 
complexes typically develop around 34 weeks gestation (9).  
Premature neonates  do not have ful ly  developed 
gastrointestinal motility and coordinated peristalsis 
therefore this can lead to bacterial overgrowth due to stasis 
altering the microbiome (1,9,10,25,30). Studies have shown 
that the reduction in gut motility was accompanied by an 
increase in NEC severity as well as an increase in mucosal 
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injury leading to an increased NEC severity score (30). 
 Having mature functioning gut aids in preventing 

bacterial stasis and overgrowth leading to pathogen 
attachment to the intestinal barrier and translocation 
resulting in an inflammatory response and damage to the 
epithelial cells and intercellular junctions (14). Adding insult 
to injury, the premature infants microbiome colonization 
has been shown to be far less diverse, essentially sterile 
at birth, compared to the mature microbiome leaving it 
vulnerable to pathogenic colonization (14). The microbiome 
of a premature infant is heavily influenced by factors within 
the neonatal intensive care unit (NICU) such as being in 
a hospital environment, antibiotic use, acid blockers, and 
frequent foreign objects entering the gastrointestinal tract 
such as feeding tubes (14). Having an altered microbiome 
affects the communication between the native microbial 
species and the intestinal epithelium, potentially leading 
to adverse function of this barrier which can trigger an 
exaggerated inflammatory response (14).

 Studies have shown that premature intestine have an 
upregulated bacterial receptor called toll-like receptor 
4 (TLR4) which is a receptor for LPS on gram negative 
bacteria (10,32). TLR4 is part of the innate immune system 
and is present on immune cells, intestinal epithelium, and 
the endothelium of intestinal mesentery, it is involved 
in regulating cell migration, proliferation, and apoptosis 
(10,32). When occurring in a regulated fashion, activation 
of TLR4 initiates an inflammatory response leading to 
recruitment of immune factors and elimination of the 
pathogen (10). Having this upregulated in addition to the 
previously mentioned changes in the premature intestine 
results in increased bacterial translocation (10). Due to 
this, TLR4 has become a point of interest for research in 
the intestinal injury of NEC diagnoses. TLR4 has been 
shown to have relevance to the pathogenesis of NEC both 
in human tissue and animal models of NEC (32). In animal 
models, it has been shown that TLR4 deficient mice are 
protected from the intestinal injury seen in NEC (32). 
It is thought that the recognition of substances, such as 
LPS, by TLR4 leads to eventual intestinal epithelial cell 
barrier injury, activation of a hyperinflammatory response, 
induction of apoptosis, and inhibition of mucosal repair 
resulting in increased permeability and further bacterial 
translocation (10,30-32). LPS interaction stimulates the 
translation of pro-inflammatory cytokines, such as TNF-α 
mentioned previously, and interleukins 6 and 8 (31). This 
stimulates migration of neutrophils and proinflammatory 
T helper 17 cell (Th17) lymphocytes leading to further 

inflammation and damage to the intestinal barrier increasing 
permeability and allowing continued bacterial translocation 
(1,10,32). After injury and bacterial translocation, LPS 
interacts with TLR4 on the endothelium of the intestinal 
mesentery resulting in a decrease of endothelial nitric oxide 
(NO) synthase which generates the vasodilatory molecule 
NO leading to intestinal ischemic insult (10,30-32). This 
disruption in the vasculature of the intestine decreases the 
ability of the intestinal epithelium to repair itself, allowing 
further bacterial translocation and perpetuating the cycle of 
intestinal injury (Figure 2) (10,30,31).

Interactions with LPS have also been shown to physically 
alter components of the intercellular junctions between 
epithelial cells therefore altering permeability (12,33). 
The intercellular junctions change rapidly in response to 
inflammation, this can be beneficial when occurring in a 
regulated fashion, however in a hyperinflammatory state 
this can be detrimental to the permeability of the barrier 
(12,33). Tight junctions in particular have been shown to 
undergo alterations in intestinal injury through interactions 
with LPS (12,33). As mentioned previously, LPS has been 
shown to change expression and arrangement of many 
tight junction proteins, including claudins, ZO-1, and 
by downregulating expression of the proteins (1,9,33). 
Microbial dysbiosis seen in premature neonates may result 
an altered inflammatory balance leading to an increase in 
potential pathogenic bacteria and bacterial ligands, such 
as LPS, leading to alterations in the intestinal membrane 
through mechanisms described above (12).

Possible preventative measures

While there is no cure for NEC, there have been several 
approaches for prevention of the intestinal injury seen in 
NEC over time. One of the most notable components in the 
effort for prevention of NEC has been the administration 
of breast milk (1-3,10,25). Many studies have sought to 
understand the molecular components of breast milk that 
offer protection against intestinal injury. The antimicrobial 
products of breast milk such as immunoglobulins, cytokines, 
lactoferrin, and oligosaccharides all have been implicated in 
having a positive impact on prevention of NEC (1-3,10,25). 
In addition to those, there is a high level of prebiotics 
that are present in colostrum that may mitigate bacterial 
translocation and factors that likely facilitate the maturation 
of the immune system (1-3,10,25). Investigators have 
compared breast milk feeding in premature infants versus 
formula fed premature infants and found that the breast 
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Figure 2 The premature intestinal epithelial barrier and mucosa demonstrates increased permeability and decreased ability for regeneration. 
Premature intestine has increased TLR4 expression allowing for increased translocation of bacteria. This increases inflammatory cytokines 
such as TNFα, IL-8, and IL-6 resulting in a hyperinflammatory response recruiting lymphocytes and neutrophils. Interaction between the 
bacterial products, such as LPS, and TLR4 increases permeability and allows for further signaling resulting in a decrease in endothelial 
release of NO leading to vasoconstriction and ischemia resulting in further intestinal injury. This figure was created with Biorender.com and 
exported using a paid subscription. TLR, toll-like receptor; NO, nitric oxide; TNF-α, tumor necrosis factor-α; IL, interleukin; TLR4, toll-
like receptor 4; LPS, lipopolysaccharide.

milk fed infants have a significant reduction in the incidence 
of NEC intestinal injury (1-3,10,25). It is thought that 
breast milk prevents NEC through decreasing intestinal 
permeability, enhancing the immature physical barrier, and 
aids in natural bacterial colonization preventing overgrowth 
by potential pathogens (1,34). 

Probiotics have also been studied as potential trial 
therapies for prevention of NEC. Probiotics may help in 
prevention of intestinal injury through maintaining balance 
of the microbiome which would aid in the overall gut health 
resulting in less bacterial translocation through the “leaky” 
premature intestine (9). However, further studies are needed 
regarding probiotics and intestinal injury prevention. 

Treatment strategies

Although medical management with bowel rest, intravenous 
antibiotics and, if needed, surgery, remain the mainstay in 
the treatment of patients with NEC intestinal injury, future 

approaches may include strategies to improve intestinal 
barrier function. Future potential therapies utilizing breast 
milk and amniotic fluid stem cells are being explored to 
counteract inflammation and increased permeability leading 
to NEC intestinal injury (2). It has been shown that there 
is a family of TLR4 inhibitors present in breast milk, which 
could partially explain the preventative and therapeutic 
qualities of breast milk in NEC (2,10). Treatment strategies 
exploring TLR4 inhibition similar to that in breast milk 
are being studied and have potential for future therapeutic 
medications to ameliorate the inflammatory pathway 
leading to increased permeability. Further research is 
essential to develop treatment strategies and studying the 
intestinal barrier may be of great importance in discovering 
future prevention and treatment plans. 

Strengths and limitations

This paper provides an up to date review on the current 
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understanding of the intestinal barrier in the pathogenesis 
of NEC. However, a limitation of this review is that NEC 
is a multifactorial process and there may be overlap due to 
other etiologies. Some of the studies referenced are cell or 
animal based and may not be truly reflective in the disease 
process in humans which highlights the need for further 
research in the area. 

Conclusions

The intestinal barrier is complex and of utmost importance 
in the pathogenesis of intestinal injury seen in NEC. 
The overlying mucus layer and the epithelial cell barrier 
components,  including the varying cell  types and 
intercellular junctions, all contribute to the permeability 
of the intestinal barrier. These various components of the 
intestinal barrier are more vulnerable during prematurity, 
which is when the bulk of NEC diagnoses are seen. 
There have been large strides made in understanding the 
interactions of bacterial pathogens and receptors leading 
to alterations in the barrier, however there is much to be 
discovered in regards to the diagnosis of NEC. Continuing 
to grow in our understanding of the intestinal barrier, 
intestinal epithelium, and the microbiome will aid in 
developing prevention and treatment strategies of the 
intestinal injury seen in NEC. 
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