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Abstract

Necrotising enterocolitis (NEC) is a serious gastrointestinal clinical disorder
primarily affecting preterm newborns. It is characterised by a wider histological
spectrum, ranging from mild mucosal injury, microvascular thrombosis, and localised
necrosis, to transmural intestinal necrosis. In the most severe form, it can be fatal,
with complications such as intestinal perforation, peritonitis, and sepsis. Medical
management is not clinically efficacious except in mild and self-limiting cases, as it is
only focused on symptomatic treatment. Intestinal cell death is regarded as a crucial
nascent cellular event in the pathogenesis of NEC that leads to a leaky intestinal
barrier, as well as local and systemic inflammation. Therefore, cellular events that
besiege intestinal cell death in NEC should be understood in a meticulous and
precise manner. This review provides an extensive overview of the different types
of cell death in NEC, including apoptosis, necrosis, autophagy, necroptosis, and
pyroptosis. This is critically important as it helps us to comprehend the downstream
signalling events that play a vital role in the initiation and progression of disease

in NEC. Pertinent research studies performed in this regard would unravel novel
molecular targets that could form the basis for drafting innovative therapeutic
agents for optimising clinical outcomes in NEC.

Key Points

1. This article focuses on necrotising enterocolitis (NEC); a gastrointestinal disorder primarily affecting
preterm newborns. Non-specific clinical presentation and rapid disease progression predispose

them to develop local and systemic complications. Although most cases are managed with medical
management, approximately 20-40% of cases are referred to surgical therapy. Unfortunately, surgery is
associated with 50% mortality and risk of complications (strictures, abscesses, short bowel syndrome,
and recurrent NEC).
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2. Mostly localised to the distal small intestine or proximal colon, the pathological findings range
from intestinal inflammation to transmural intestinal necrosis. Intestinal cell death is regarded as a
crucial nascent cellular event in the pathogenesis of NEC. The different types of cell death in NEC
are reviewed in this paper, including apoptosis, necrosis, autophagy, necroptosis, and pyroptosis. It is
regarded as a harbinger for a leaky intestinal barrier, intestinal complications, systemic inflammatory

response syndrome, and multiorgan failure.

3. Comprehending the underlying critical pathogenic mechanisms that provoke intestinal injury, perturb
intestinal homeostasis, as well as augment intestinal permeability in NEC, is a current pressing need,
which this article aims to rectify. Necessary research studies implemented in this regard might unravel
novel molecular targets that play a crucial role in provoking intestinal cell death in the NEC. This

can form the foundation for crafting disease-specific cell-based novel therapeutic interventions for
counteracting cell death, halting disease progression, and decreasing clinical mortality in NEC.

INTRODUCTION

Necrotising enterocolitis (NEC) is a
gastrointestinal disease affecting preterm and
very low birth weight infants (birth weight of
<1,500 g, and born at <32 weeks gestation), as
well as extremely low birth weight infants (birth
weight of <1,000 g, and born at <28 weeks
gestation).’? In the neonatal intensive care

unit (NICU), NEC is one of the most common,
costly, and critical gastrointestinal emergencies
associated with increased morbidity and
mortality in preterm infants. A retrospective
study evaluating NEC cases from January 2014-
January 2019 revealed that the overall survival
of NEC infants is around 44.2%, and it is strongly
associated with sex (hazard ratio: 3.10; 95%
confidence interval [CI]: 1.21-7.93; p=0.018)

and NEC staging (hazard ratio: 0.44; 95% CI:
0.22-0.87; p=0.019).2 Upon analysis of live births
from the years 1999-2020, infant mortality due
to NEC in Black, White, and mixed race infants is
approximately 16.1 per 100,000 live births (95%

Cl: 13.1-19.2), 6.4 per 100,000 live births (95% ClI:
5.5-7.4), and 10.2 per 100,000 live births (95% ClI:

10.0-10.4), respectively.*

The mortality of NEC is estimated to
approximately range from 10-50%.5 In a
multicentre cohort study performed between
2005-2017, the mortality rate of NEC was
36.7% in 2005-2008 compared with 26.6% in
2016-2017.5 Nevertheless, in preterm infants
presenting with severe complications, such

as full-blown tissue necrosis, perforation,

and peritonitis, the mortality is almost 100%.°
According to a 2020 report, the overall mortality
of NEC is around 23.5%, with lower birth weight
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infants (<1,000 g) with surgical NEC experiencing
relatively higher mortality (50.9%) compared
with non-surgical patients.” A 15-year outcome
study from the UK that examined the NEC cases
from years 2000-2015 revealed that the 30-day
mortality of NEC is approximately 18.9%, and it
was significantly correlated with the gestational
age, area of bowel involvement, and presence

of pneumoperitoneum.®

According to a recent systematic review and
meta-analysis, global incidence of NEC was
estimated to be around 6-7%.° According to

a retrospective follow-up study, 6.8% of the
premature infants with gestational age 28-32
weeks develop NEC within 1-7 days of newborn
life.’® In a Spanish study, which included 25,821
preterm infants (<32 weeks gestation) between
January 2005-December 2017, the incidence of
non-surgical NEC increased from 4.8% in 2005
to 6% in 2016. On the contrary, the incidence of
surgical NEC demonstrated a decreasing trend
(3.9% in 2005 versus 2.8% in 2016).° In another
study including low birth weight infants admitted
to NICU in Pediatrix Medical Group (Sunrise,
Florida, USA) from 1997-2015, non-Hispanic
Black and Hispanic infants developed NEC at a
higher rate (adjusted odds ratio [aOR]: 1.31; 95%
Cl: 1.24-1.39; p<0.001) compared with non-
Hispanic White infants (aOR: 1.30; 95% CI: 1.21-
1.39; p<0.001)."" In the same study, non-Hispanic
Black and Hispanic infants who developed NEC
experienced higher mortality (aOR: 1.35; 95% ClI:
115-1.58; p<0.001), compared with non-Hispanic
White infants (aOR: 1.31; 95% CI: 1.09-1.56;
p=0.003). The prevalence of NEC is around 1-5
in low birth weight infants.'? Analysis of 24,731
infants (<34 weeks gestational age) from May
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2015-May 2018 in 25 tertiary care hospitals

in China indicate incidence of NEC in very low
birth weight (<1,500 g) and extremely low birth
weight (<1,000 g) infants is 4.8% and 7.6%,
respectively.” Furthermore, the overall case-
fatality rate and case-fatality of surgical NEC in
the previous Chinese study is 9.5% and

13.6%, respectively.’®

A retrospective cross-sectional study performed
in Ethiopian public hospitals from 25" March-
10t May 2020 indicated that prevalence of NEC
was 25.4% (n=89; 95% Cl: 21.1-30.0), which is
much higher compared with the USA (7.0%).2"
Higher prevalence of NEC in Ethiopia compared
with the USA can be attributed to differences

in population demographics, and healthcare
access, between them.?

Regardless of recent developments in the
obstetric care of high-risk pregnancies, the
incidence and prevalence of NEC have gradually
increased globally at a steady pace over the
past 25 years.2 There are no disease-specific
therapeutic interventions that can reverse the
clinical progression of NEC after the onset

of intestinal inflammation with the pathogen
insult. Even after surgical referral, the clinical
prognosis of moderate to severe NEC is not very
encouraging, as it is associated with many end-
organ and systemic complications. NEC accounts
for 2.0-7.5% of NICU admissions, and there is
some variation between high-income and low-
income countries.'®*™' The average incidence of
NEC in the USA is approximately 1.1-3.0 per 1,000
live births, and its prevalence is around 1-5% of
the total number of births in the NICU.'2'®"” Race-
based analysis performed in upstate New York,
USA, revealed that non-Hispanic Black infants
had a higher incidence of NEC compared with
non-Hispanic White infants (2.2 versus 0.5 per
1,000 live births).'® Multicentre cohort studies
reported a higher incidence of mortality in non-
Hispanic Black and Hispanic infants compared
with non-Hispanic White infants (aOR: 1.35; 95%
Cl: 115-1.58; p<0.001 and aOR: 1.31; 95% CI:
1.09-1.56; p=0.003, respectively)." Additionally,
it was reported that non-Hispanic Black infants
had higher incidence of first week (aOR: 2.29;
95% Cl: 2.21-2.37), neonatal (aOR: 2.23; 95%

Cl: 217-2.30), post-neonatal (aOR: 1.74; 95%

Cl: 1.68-1.81), and infant mortality (aOR: 2.05;
95% Cl: 2.00-2.15) compared with non-Hispanic
White infants.”® In the USA, the average cost
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of surgical procedures in NEC, which usually
entails peritoneal drainage with or without
laparotomy, can range from 300,000-660,000
USD.2° Despite these high costs, the clinical
outcomes of surgically corrected NEC are

poor, and are associated with many end-organ
sequelae. The incidence of complications in
advanced NEC includes short bowel syndrome
(20-35%), intestinal strictures (12-35%), stoma
complications (50%), neurodevelopmental
impairment (30-50%), and growth delay (10%).*"
It is important to note that most NEC cases occur
in infants who are born at 32 weeks gestation,
and with a body weight of <1,500 g." In clinical
cohort studies, the incidence rates of NEC

in infants weighing 401-750 g, 751-1,000 g,
1,001-1,250 g, and 1,251-1,500 g is approximately
11.5%, 9.0%, 6.0%, and 4.0%, respectively.'®

CLINICAL PRESENTATION RISK
FACTORS, PATHOLOGY, AND
CURRENT TREATMENT MODALITIES

The clinical presentation of NEC usually starts
with non-specific symptoms, such as rapid
respiration, periodic breathing, lethargy, and
irritability.?"22 Later, the preterm infant starts
developing abdominal swelling; diarrhoea with
bloody stool; constipation; vomiting; bradycardia;
hypotension; difficulty in feeding; apnoea;
lethargy; and fluctuating heart rate, blood
pressure, and body temperature.?"??

In some cases, spillage of intestinal inflammation
can cause pathological sequelae in the brain,
resulting in neuro-inflammation, serious
neurodevelopmental delay, and microcephaly.?32*
X-ray examination of the abdomen might

reveal non-specific signs, such as widespread
bowel distension, abdominal wall thickening,

and fixation of intestinal loops until disease
progression leads to intestinal perforation

with peritonitis.?® Specific radiological signs
diagnosing NEC can include pneumatosis, portal
venous gas, pneumoperitoneum, and gasless
abdomen.?® A recent study demonstrated that
ultrasonography is far better and more advanced
than X-ray in managing NEC, because it is more
reliable in detecting bowel thickness, vascular
perfusion, peristalsis, and intestinal perforation,
and is associated with optimal clinical
outcomes.?”28 Ultrasonography of the abdomen
provides little more information, ranging from
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wall thickness >2.6 mm, abnormal bowel wall
echoic pattern, as well as increased vascularity
of bowel tissues and mesenteric peri-visceral
tissues in earlier stages of NEC.% In the later
stages of NEC, ultrasonography might reveal the
presence of microbubbles in a circumferential
pattern within one or more loops of the intestine,
the presence of air in the main portal vein or
intra-hepatic portal venous branches or liver
parenchyma, microbubbles appearing between
the front surface of the liver and abdominal wall,
and a reduction of intestinal wall thickness due
to bowel ischaemia.?>?® Some of the alarming
signs demonstrated by ultrasonography that
necessitate immediate surgical attention include
focal fluid collections, complex echogenic
ascites, bowel wall thickness less than 1 mm, loss
of intestinal peristalsis, increased intestinal wall
echogenicity, and loss of intestinal

wall perfusion.?

Other clinical signs in NEC include signs of
peritonitis, abdominal tenderness, hypotension,
hypovolaemic shock, metabolic acidosis, and
thrombocytopenia.?! Although no specific
aetiological cause has been identified so far,
previous studies identified a few risk factors that
can potentially make preterm infants susceptible
and vulnerable to the disease. Some of the

risk factors hypothesised for developing NEC
include sepsis, chorioamnionitis, patent ductus
arteriosus, indomethacin therapy, glucocorticoid
therapy, mechanical ventilation, antenatal
cocaine use, perinatal asphyxia, Black race,
prolonged course of antibiotic therapy, intra-
hepatic cholestatic syndrome of pregnancy,
meconium aspiration syndrome, congenital

heart disease, prolonged rupture of membranes,
anaemia, blood transfusions, pregnancy-induced
hypertension, hypoalbuminemia, formula feeding,
prolonged parenteral feeding, immature intestinal
motility, immature intestinal barrier, immature
intestinal immunity, and abnormal bacterial
colonisation.'630-34

The underlying hallmark histological features of
NEC include intestinal inflammation, enterocyte
apoptosis, decreased enterocyte proliferation,
mucosal oedema, haemorrhage, transmural
necrosis, necroptosis, and distortion of villus
and cryptic architecture. These changes are
mostly localised to the distal small intestine and
proximal colon.'®353¢ |n g clinical research study
entailing the inspection of the resected intestinal
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specimens of infants with NEC who underwent
bowel resection over a 10-year period, it was
revealed that the depth of bacterial invasion,
transmural necrosis, and presence of bacteria
in tissue specimens was directly proportional
to increased morbidity and mortality in these
preterm babies.?” In the most severe form, it
has been shown to be associated with various
end-organ and systemic complications, such
as peritonitis, intestinal rupture, sepsis, and
multi-organ failure, resulting in higher mortality
in premature infants.'®3 Most of the preterm
infants with NEC are managed with medical
management, and approximately 20-40% of
clinically severe cases are referred for surgical
management. The case fatality rate of these
surgically managed NEC cases is very

high (50%).%°

All infants with NEC are initially managed with
medical therapy. The main aim of medical
management is to restore intestinal homeostasis
and facilitate intestinal tissue healing.

Medical therapy usually entails administrating
interventions, including bowel rest and tissue
regeneration, gastric decompression, systemic
antibiotics, and parenteral nutrition.*° Initially,
mechanical ventilation and tracheal intubation
might be necessary to secure the airway.*'
Peripheral arterial access should be established
so that arterial blood gases and systemic blood
pressure can be frequently monitored.*' Signs
of hypovolaemia and low blood pressure should
be actively looked for so that intravenous fluids
can be administered in a timely manner.*' In rare
scenarios, hypoalbuminaemia due to capillary
leak might necessitate the administration of
colloids to combat fluid losses.*! If the infant
does not respond to above-mentioned fluid
resuscitation, then administrating pressors,
such as epinephrine and dopamine, might be
required.*’ Treatment of bacterial infections
associated with NEC usually includes initial
delivery of a cocktail of broad-spectrum
antibiotics including vancomycin, gentamycin,
and clindamycin.*®4" However, due to the recent
rise in the development of resistant bacterial
species secondary to unrestrained antibiotics
usage, their choice should be guided by
incidence and prevalence of resistant bacterial
cultures in the respective NICU unit.#' As

NEC has been shown to be associated with
medical complications, such as electrolyte
disturbances, acid-base imbalance (metabolic
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acidosis), and coagulopathy, these should be
adequately addressed by providing appropriate
therapies.*®4' In addition to these therapies,
frequent measurements of abdominal girth,
X-ray, and abdominal sonographs should be
performed regularly to monitor for any onset

of local intestinal complications that warrant
immediate referral to surgical therapy.*' In a
recent retrospective study, it was demonstrated
that medical therapy afforded lower mortality
rate compared with surgical intervention (15.6%
versus 50.0%).4?

The infants with NEC who deteriorate in spite
of medical therapy, due to rapid disease
progression, should be referred for surgical
management. The indications for referral to
surgical management in NEC include pneumo-
peritoneum, portal venous gas, ascites, fixed
persistent intestinal loop, and rapid clinical
deterioration.® Surgically corrected NEC cases
frequently have associated post-operative
complications, such as wound dehiscence,
wound infections, intra-abdominal abscesses,
intestinal strictures, adhesions, cholestasis, short
bowel syndrome, and recurrent NEC.'6:3543-45
Therefore, earlier detection, prompt diagnosis,
and supportive management is the key to
preventing morbidity and mortality in infants
with NEC.

CAUSES OF EPITHELIAL CELL
DEATH IN NECROTISING
ENTEROCOLITIS

One of the most important causes of intestinal
epithelial cell death is hypoxia.*® Xue et al.*’
demonstrated increased levels of hypoxia in the
intestinal tissues of ulcerative colitis and Crohn’s
disease by immunohistochemistry. Some of the
important reasons speculated for occurrence of
hypoxia during intestinal inflammation include
oedema, vasoconstriction, vasculitis, and
increased O, consumption.*® Due to the above-
mentioned reasons, intestinal epithelial cells
were found to be extremely hypoxic in the mouse
models of intestinal inflammation.*® Moreover,
bacterial infection of the intestinal epithelial
cells also causes hypoxia via inciting vasculitis,
as well as by increasing the O, demand in the
surrounding intestinal milieu.*® Fingerprints

of hypoxia were widely demonstrated in the
colitis intestine by measuring the levels of
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hypoxia-inducible factor, which is regarded

as an important hypoxic marker.*® Intestinal
inflammation tends to promote overexpression
of hypoxia-inducible factor, whose main
function is to preserve the integrity of intestinal
epithelial barrier, and safeguard against epithelial
apoptosis through nuclear transcription of
protective genes.*® Hypoxia-inducible factor-1
is directly involved in regulating the ratio of T
helper 17 cell/regulatory T cells in the intestinal
milieu, and this dysregulation might result

in increased production of proinflammatory
cytokines, leading to intestinal epithelial

cell death.%®

Intestinal dysbiosis is defined by the
downregulation of commensal bacteria and the
upregulation of pathogenic bacteria resulting in
the intestinal hyper-inflammatory storm.5" In a
few cases, pathogenic bacterial infection might
result in the destabilisation of the intestinal
epithelial barrier, resulting in increased intestinal
permeability, bacterial translocation, and
intestinal cell death.%

Lipopolysaccharide (LPS) released from the
pathogenic bacteria can act through Toll-like
receptor-4 (TLR4) in the intestinal epithelial cells
and neighbouring immune cells.52 LPS induced
activation of TLR4 results in the secretion

of cytokines (IL-6, IL-8, IL-10, and TNF-a),
chemokines, and immune cell recruitment,
leading to exacerbated inflammatory response
and enterocyte cell death.55? After enterocyte
cell death occurs, disrupted TLR4 signalling is
hypothesised to limit tissue healing process by
impairing the migration of intestinal stem cells
from base of the intestinal crypt to the villus
tips, thereby delaying the replacement of dead
epithelial cells with fresh ones.%3

Previous studies also demonstrated that
increased TLR4 activation in the endothelial
cells of the small intestine can impair intestinal
microcirculation by downregulating nitric oxide
synthase production, resulting in intestinal
ischaemia and enterocyte death.>* Although
neutrophil recruitment is regarded as an
important first-line defence mechanism following
intestinal epithelial injury in NEC, excessive
neutrophil accumulation as well as their defective
removal can be detrimental by contributing

to intestinal epithelial cell death via release

of reactive oxygen species (ROS), oxidative
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stress, and further release of cytokines.*®
Furthermore, alteration of balance between
cytotoxic (T helper 17 cell) and regulatory T cells
in the intestinal milieu is postulated to be one

of the most important predisposing factors for
hyper-inflammatory state in the NEC intestinal
tissues.®® Proinflammatory cytokines secreted

by cytotoxic T cells, mainly TNF-a and interferon
(IFN)-y are the most common factors implicated
in the disruption of tight junctions between the
epithelial cells by altering the lipid composition,
as well as by swapping the fatty acyl moieties

in the phospholipids of tight junctions.>” In few
instances, IL-17 secreted by cytotoxic T cells

is also capable to instigate disrupted epithelial
tight junctions, excess epithelial cell death, and
attenuated epithelial proliferation.>® Using colon
biopsy samples from patients with inflammatory
bowel disease, it was recently demonstrated that
IFN-y and TNF-a were implicated in tight junction
openings, resulting in intraepithelial seepage of
pathogenic bacteria.*®

Some previous research studies tried to
investigate and identify the pathological
mechanisms that underlie intestinal epithelial cell
death in preterm infants with NEC. Excess ROS
production, oxidative stress, and inflammation
are some of the well documented mechanisms
for intestinal cell death in premature infants with
NEC.®%8" TNF-a, which is primarily produced

by LPS stimulation, has been implicated in

the intestinal epithelial cell death via the
downregulation of tight junction proteins,
increasing autophagy and suppression of
proliferation.>' Platelet-activating factor (PAF),
hypoxia-reoxygenation, ischaemia-reperfusion,
peroxynitrite, bacterial invasion, and endotoxin
are some other additional mechanisms proposed
for the execution of intestinal cell apoptosis.3
Interestingly, the downregulation of epithelial
growth factor in the serum and saliva in infants
also predisposes to intestinal epithelial cell death
in NEC through compromised mucosal barrier
function in the intestine.’263 Qverexpression

of B-arrestin-2 (cytosolic protein) can cause
apoptosis of intestinal epithelial cells by
pathological endoplasmic reticulum stress, which
promotes the release of pro-apoptotic molecule
BCL-2 interacting killer (BIK) and the activation of
caspase-mediated signalling mechanism.®* The
various mechanisms of intestinal cell death that
occur in NEC are summarised in the next section,
where each type of cell death and their relevance

EMJ

Article

to the pathogenesis of the disease process
are discussed.

TYPES OF CELL DEATH IN
NECROTISING ENTEROCOLITIS

The different types of cell death that can
occur in NEC can be broadly classified into five
categories: apoptosis, necrosis, necroptosis,
autophagy, and pyroptosis (Figure 1).

Apoptosis

Apoptosis is one of the most important types
of intestinal cell death seen in NEC tissues.
Apoptotic cell death in NEC can occur in three
pathways, namely the death receptor pathway
(extrinsic), mitochondrial pathway (intrinsic), and
perforin/granzyme pathway (T cell-mediated)
pathways. All these pathways converge

over the final execution pathway (caspase-3
cleavage), ultimately leading to apoptotic type
of intestinal cell death in NEC. The sequelae

of intestinal apoptosis in NEC can range from
DNA fragmentation, degradation of cytoskeletal
proteins, and cross-linking of proteins, to
formation of apoptotic bodies.®®

One of the most common sites for occurrence
of apoptotic type cell death in NEC is the

small intestine (ileum).%¢ Bacterial invasion and
proliferation is the cardinal reason for apoptotic
type of cell death in NEC.® The intestinal
micro-environment gets exposed to other
pathological stimuli once bacterial infection of
intestinal epithelial cells ensues. Some of these
inflammatory stimuli that are implicated in the
apoptotic cell death in NEC include TNF-q, LPS,
ischaemia, and ischaemia-reperfusion injury.%’
Accumulation of TNF-a in the intestinal cells
provokes apoptotic type of cell death via Jun
N-terminal kinases/p38 (mitogen-activated
protein kinase [MAPK] pathway), as well as
through production of ROS.%8 On top of that,
poor blood flow to the intestines with resultant
ischaemia and immature intestinal epithelial
barrier in preterm babies also increases the
propensity of intestinal epithelium to undergo
apoptotic cell death.®® Under the influence

of these pathological stimuli, recovery and
regeneration following intestinal desecration

is derailed. As a result, there is excessive
pathological shedding of intestinal epithelial cells
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Figure 1: lllustration of different types of intestinal cell death.
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leading to mechanical defect in the intestinal
epithelial barrier. This will, ultimately, pave the
way for superfluous bacterial invasion, massive
ingress of inflammatory cytokines, extensive

gut inflammation, systemic complications, and
sepsis.®”7%71 In a rat model of NEC, unhindered
and rapid progressive apoptosis in the intestinal
epithelial cells can be a harbinger for kickstarting
ensuing gross bowel necrosis of the intestinal
tissues.®

In NEC, apoptosis can be considered as a
defence mechanism to curb the local bacterial
spread as well as to eliminate the infection.
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This is accomplished by sequestering and
destroying the infected intestinal epithelial cells
through activation of host defence mechanisms
during apoptosis.”? This is important as earlier
bacterial eradication will speed up intestinal
repair, regeneration, and tissue homeostasis.
The process of apoptosis usually occurs in
acute and chronic stages. That being said,
apoptosis in acute stage is protective by limiting
tissue spread, whereas in the chronic stage

it metamorphoses into a counterproductive
process by amplifying the proinflammatory
environment. So, chronic apoptosis can be
considered as a harbinger for accelerated
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disease progression and tissue complications,
thus leading to an increase in mortality and
morbidity in NEC.

The process of acute apoptosis in NEC
commences with bacterial proteins interacting
with receptors expressed on the epithelial cell
membrane (Figure 2). Bacterial LPS acts on the
TLR4 receptors on the intestinal epithelium,
leading to decreased proliferation and increased
apoptosis of crypts and villi through involvement
of p53 upregulated mediator of apoptosis.”
Upon bacterial infection, intestinal epithelial
cells (IEC) recognise the pathogen-associated
molecular patterns (PAMP) and damage-
associated molecular patterns (DAMP) through
Toll-like receptors (TLR), nucleotide binding
oligomerisation domain (NOD)-like receptors
(NLR), and upregulated proinflammatory

Figure 2: Representation of acute and chronic necrotisi
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cytokines such as TNF-a. TNF-a usually acts
through TNF receptor 1 and results in formation
of complex 1 (TNF receptor type 1-associated
death domain) and receptor-interacting protein
kinase 1 (RIPK1).7475 This ultimately leads to
increased activation of nuclear factor NF-k-B
p105-mediated survival pathways, including
proinflammatory cytokine secretion, resulting in
the elimination of infected IECs from the body.”?78
Increased secretion of proinflammatory cytokines
contributes to accumulation of peroxy-nitrate,
thus increasing the risk of apoptotic cell death in
NEC.”” LPS-TLR4 interaction within the intestinal
epithelium and crypts results in increased
apoptosis through endoplasmic reticulum (ER)
stress-mediated by protein kinase-related
extracellular signal-regulated kinases [PKR]-

like ER kinase, C/EBP homologous protein, and
myeloid differentiation primary response gene 88
signalling molecules.”®
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receptor; TNFR: TNF receptor; TRAD: TNFR1-associated
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Failure to eliminate infection due to the
persistence of microbial insults leads to
progression to a chronic stage. In the chronic
stage, apoptosis is no longer protective

but rather counterproductive, and leads to
pathological consequences and disease
progression (Figure 2). In the chronic stage, IECs
upregulate ligands, such as Fas ligand and TNF-
related apoptosis-inducing ligand, which can

act via TNF receptor 1, and leads to complex Il
formation (Figure 2).727° This leads to stimulation
of initiator caspases (caspase-8) and executioner
caspases (caspase-3, 6, 7, and 9), ultimately
resulting in the activation of nuclear factor NF-
k-B p100 pro-apoptotic pathways and inhibition
of survival pathways (Figure 2).727°%" The end
target effects of these downstream signalling
events in the IECs include increased apoptosis;
decreased proliferation of intestinal epithelial
cells; shattered intestinal epithelial barrier; and
susceptibility to several inflammatory conditions,
including necrotising enterocolitis (Figure 2).72

Few studies were previously performed
demonstrating the presence of intestinal
apoptosis in the animal models of NEC, and

by blocking apoptosis they were able to show
improved clinical outcomes in these disease
models. Intestinal tissues of neonatal rats
exposed to formula feeding and cold/hypoxia
stress had imprints of apoptosis, namely
increased expression of caspase-3 and DNA
fragmentation in the initial stages before
progressing to transmural epithelial necrosis in
the rat model of NEC.2 The LPS/TLR4/NF-k-B
signalling pathway-mediated proinflammatory
cytokine secretion and mitochondrial-

caspase pathway are primarily responsible

for intestinal epithelial apoptosis in the rat
model of necrotising enterocolitis.®? ER stress-
induced activation of B-arrestin-2 causes poly-
ubiquitination of binding Ig protein, and release
of pro-apoptotic molecule Bcl-2 interacting Killer,
into the cytosol, resulting in caspase-mediated
intestinal epithelial apoptosis in the animal, cell
culture, and human models of NEC.83

Administering milk polar lipids decreased

the intestinal apoptosis in NEC through
downregulation of Bax, caspase-3 and 9
expression, as well as upregulation of anti-
apoptotic Bcl-2 expression.®? Administering
porcine milk exosome microRNAs resulted in
decreased intestinal apoptosis and inflammation
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via downregulation of TLR4 pathway as well

as p53 pathway in the NEC model.?* Similarly,
microRNA-23a and miR-339 have been shown
to decrease LPS-induced intestinal epithelial
apoptosis due to their influence on TLR4 and
Rho kinase inhibitor 1- sirtuin 1-NF-k-B signalling
pathways, respectively.t>8 Probiotic bacteria
Lactobacillus acidophilus has been shown to
attenuate intestinal epithelial apoptosis as

well as cytokine production (IL-6) in the animal
model and (LPS and TNF) cell culture model of
NEC.® Furthermore, another probiotic bacteria
(Bifidobacterium bifidum) has been shown to
attenuate intestinal epithelial apoptosis through a
COX-dependent mechanism, thereby preserving
intestinal mucosal integrity in the animal and
cell culture models of NEC.88 Erythropoetin and
epidermal growth factor have been known to
have therapeutic efficacy in the animal model

of NEC through reduction of intestinal epithelial
apoptosis via alteration of MAPK/ERK pathway
and Bax-to-Bcl-2 ratio respectively.t8°

Necrosis

Once the intestinal epithelial cells undergo
apoptotic cell death, they should be cleared in a
timely fashion by macrophages by a physiological
process known as efferocytosis, otherwise they
proceed to undergo a more devastating necrotic
type of cell death.®>®" Some of the predisposing
factors implicated in necrotic cell death include
infectious agents, ischaemia, inflammation, and
toxins.?2°% Infections are usually associated with
liguefactive necrosis, which is characterised

by slimy and liquefactive appearance due to

the digestion of intracellular debris in dying
intestinal epithelial cells by bacterial enzymes
(proteases, DNases, and lysosomal enzymes).%?
The morphological features of necrosis can
range from cellular swelling, extensive vacuole
formation, rupture of plasma membrane, and cell
lysis, to nuclear and chromatin condensation

in the later stages.®*®® The initial trigger for
necrosis is disruption of the intestinal barrier,
which recruits mucosal T-lymphocytes, and

is responsible for causing upregulation of
inflammatory mediators, such as TNF-a at the
site of mucosal injury.®* Recruited TNF-a acts on
the intestinal epithelial cells via TNF receptors
to induce the expression of ROS production,
which acts as a secondary messenger to incite
various cellular derangements ranging from
DNA damage and proinflammatory signalling
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pathways to membrane damage in the presence
of pathological stimuli and stressors.%* Since
necrosis is associated with cellular rupture, it
can cause the dumping of cellular debris into
the extracellular microenvironment with the
inherent risk of developing secondary systemic
inflammatory response syndrome.®®

NEC is the most common cause of intestinal
necrosis in premature neonates, and is
associated with infection-related intestinal
ischaemia.®® It is important to understand that
bacterial invasion of the intestinal epithelium is
one of the most important primary events for the
occurrence of necrotic type of cell death in NEC.
Hypoxia, anaerobic metabolism, swelling, rupture
of IECs, and breaching the intestinal epithelial
barrier are the initial events that can accentuate
bacterial infiltration into the intestinal mucosa

in NEC.%” Bacterial invasion of the intestinal wall
can result in proinflammatory mediator secretion,
as well as activation of TLR4 receptors in the
mucosal microvasculature through nitrate-nitrite
signalling, resulting in intestinal ischaemia and
transmural necrosis.>*¢’

One of the most promising screening tools for
monitoring the extent of transmural necrosis

in the small intestine in patients with NEC is
Doppler ultrasonography.®® Efforts need to

be made to identify the NEC in earlier stages,
before the occurrence of intestinal transmural
coagulative necrosis, since its occurrence
heralds the onset of severe complications,
such as perforation, bacterial overgrowth,
pneumatosis intestinalis, inflammation, and
peritonitis.®® The prognosis of patients with
above-mentioned complications is very poor and
mostly necessitates surgical interventions with
associated morbidity and mortality.

Intestinal epithelial apoptosis is the initial cellular
event that slowly progresses to morphological
transmural necrosis of the small intestine in
neonatal rats subjected to formula feeding and
asphyxia stress in the experimental model of
NEC.2 Previous studies have demonstrated
that there is no positive relationship between
mortality of surgical NEC cases and severity
of histological necrosis evident in the

small intestine, although upregulation of
immunological markers, such as cleaved
caspase-3 and vascular cell adhesion protein,
has been associated with poor survival.'® In
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another multicentre study, Heida et al."® had
demonstrated that intestinal fatty acid binding
protein levels in the plasma and urine directly
correlate with the extent of surgical resection

in the NEC, and it has the potential to become

a reliable serum biomarker for monitoring
transmural necrosis of the small intestine in later
stages of NEC.

Apart from bacteria and inflammatory cytokines,
another important mediator that can cause
bowel necrosis in NEC is platelet activating
factor (PAF).102194 A previous study reported that
a combination of LPS with PAF administered
intra-aortically is sufficient to induce ischaemic
intestinal necrosis in rats with lesions exhibiting
morphological similarity to the tell-tale signs

of NEC.'%2 Furthermore, the Sun et al.’® study
revealed that TNF-a-induced bowel necrosis

is mediated by PAF as it was attenuated by
administration of PAF inhibitor. In the same study,
it was also demonstrated that additive synergism
between LPS, TNF-a, and PAF is necessary for
the occurrence of intestinal necrosis, and this
was associated with hypovolaemic shock in

rats treated with these toxins.'** The underlying
mechanism through which PAF can induce
bowel necrosis in NEC is via activation of the
lipoxygenase pathway of arachnoid metabolism
and upregulation of leukotrienes.o®

Necroptosis

Necroptosis is a programmed type of cell death
that has the features of apoptosis and necrosis,
and occurs with inflammatory conditions.'%®
Receptor interacting protein kinase (RIPK) is a
protein kinase that also fulfils a physiological role
of protecting IECs from TNF induced caspase-8
apoptosis, and thereby maintaining intestinal
homeostasis.’® Caspase-8 inhibits the RIPK1

and RIPK3 in the physiological conditions and
prevents their interaction (Figure 3). Classical
necroptosis is usually initiated by formation of
complex of RIPK1 and RIPK3 when caspase-8 is
inhibited, resulting in the formation of necrosome
complex (Figure 3).197% Once the necrosome
complex forms, it activates mixed lineage kinase
domain-like protein (MLKL), resulting in its
phosphorylation and oligomerisation. MLKL is
regarded as a chief executioner of necroptosis
type of cell death (Figure 3).19%1%¢ Activated MLKL
migrates to the plasma membrane and executes
necroptosis by pore formation, thereby secreting
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cytokines, chemokines, and DAMPs, as well as
engaging sodium and potassium channels
(Figure 3).17

The morphological features of necroptosis

type of cell death include cellular swelling,
membrane rupture, the release of DAMPs,

and tissue inflammation.’®® During bacterial
infections, LPS induced activation of TLR4
receptors in the mouse macrophages initiates
the formation of a complex between RIPK3 and
Toll/IL-1 receptor domain-containing adapter
inducing IFN-B (TRIF), resulting in the occurrence
of non-classical necroptosis.’®®""° Salmonella
enterica typhimurium-induced interferon type

| expression in the macrophages leads to
RIPK1-RIPK3 induced necroptosis, resulting in
macrophage depletion and evading of innate
immune response.” Alternatively, the LPS/
TLR4/TRIF/receptor-interacting protein kinase-3
(RIPK3) axis in the macrophages can potentially
induce the formation of NLR family pyrin domain
containing 3 (NLRP3) inflammasome and
caspase-1 activation through alternate pathways,
resulting in the production of proinflammatory
cytokines, such as IL-1B and IL-18 for the
amplification of inflammatory response.?

According to Sinclair et al.,"® the development
dependent enterocyte metabolism might
predispose to the development of necroptosis
induced intestinal injury in the NEC."®
Upregulation of necroptosis proteins (receptor-
interacting protein kinase-1 [RIPK1], RIPK3, and
MLKL) and activation of necroptosis occurred
in Toll-like receptor dependent manner in the
differentiated intestinal epithelium of immature
ileum with LPS treatment of wild-type mice,

as well as in a novel NEC-in-a-dish cell culture
system."4 Breast milk and pharmacological
inhibition of necroptosis resulted in decreased
epithelial cell death and mucosal injury in the
mouse model of NEC."* In consensus with this
study, Liu et al.'"> demonstrated that necroptosis
was induced in the patients with NEC and cell
lines through the TLR4/TRIF/RIKI/MLKL axis, as
well as TNF-o/TNFR/RIKI/MLKL axis.

With necroptosis proven to be involved in the
pathogenesis of NEC models, efforts to inhibit
necroptosis yielded encouraging results in
the cell culture and animal models of NEC.
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Necrostatin-1 (receptor-interacting protein
kinase 1 antagonist) treatment resulted in
decreased necroptosis protein expression,
decreased intestinal cell death, and preserved
intestinal barrier in the mice model of NEC.™ In
another study, LPS challenged weaning piglets
treated with medium chain triglyceride diet
displayed decreased expression of necroptosis
proteins (receptor-interacting protein kinase

1 and MLKL) as well as TLR4 and nucleotide
binding oligomerisation domain proteins,
leading to enhanced intestinal barrier function,
disaccharidase activities, and better intestinal
morphology.'"® MiR-143-3p was downregulated
in the serum of patients with NEC compared
with healthy controls, and its depletion promoted
RIKI induced necroptosis in the LPS treated
caco-2 cells.!” In the in vitro studies, miR-143-
3p supplementation resulted in the decreased
expression of necroptosis proteins (RIKI

and MLKL), attenuated the necroptosis, and
associated inflammation in the LPS-treated caco-
2 intestinal epithelial cells."”

Autophagy

Autophagy (eating of self) is a self-destructive
process of removal of damaged organelles,
misfolded proteins, and intracellular organisms."®
There are three main types of autophagy,
namely, macro-autophagy, micro-autophagy,
and chaperone-mediated autophagy."®"° The
stages in autophagy include initiation, nucleation,
elongation, maturation, lysosomal fusion, and
degration." The core machinery required for

the autophagic process is summarised as
Initiation (ULK1 complex [FIP200, ATGB, ATG10]),
nucleation (Class lll phosphatidylinositol 3-kinase
complex [BECWI, AMBRA, ATG14L, UPS15,
UPS34]), elongation (WIPI proteins), maturation
(E3 complex [ATG5-ATG12-ATG164]), lysosomal
fusion (phosphatidylethanolamine [PE]), and
degradation (LC3)."9120

In normal homeostatic conditions, the autophagic
process is involved in the regulation of

numerous physiological functions in the human
intestine, including preserving barrier integrity,
prevention of bacterial dissemination, host-
microbial interaction, goblet cells mediated
mucin secretion, macrophage-induced

pathogen clearance, dendritic cell-mediated
antigen presentation, effective and memory

T cell development, and secondary antibody
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response.”?" IECs infected with vibrio cholera
secreting pore-forming toxin (cytolysin)
responded initially with increased Microtubule-
associated proteins 1A/1B light chain 3B (LC3B-II)
autophagic vacuole formation to neutralise the
pathogen spread.'”? Next, when autophagy is
inhibited in the IECs infected with vibrio cholera,
they demonstrated decreased survival, which
supports the presumption that autophagy is a
cellular defence mechanism to localise, subdue,
and destroy the intracellular bacteria.'?? In
another research study, as bacteria such as

S. typhimurium enters the cells through entry
vacuoles, they are immediately ubiquitinated, and
coated with p62 so that destruction of bacteria
can proceed by cellular autophagy apparatus to
restrict their rapid replication and limit cell-to-
cell spread.””

It is important to keep in mind that the process
of autophagy not only serves to destroy the
pathogen but also promotes the initiation of
immune response for its destabilisation and
impairment of its multiplication, and resultant
cellular spread. Degradation of bacterial/viral
components by autophagic process drives the
activation of innate and adaptive immunity,
resulting in the IFN-y production and major
histocompatibility complex Class lI-mediated
CD4+ T cell response, respectively.’* But,
some microbial agents cleverly have intrinsic
mechanisms set in place that tend to cripple
the process of autophagy, and thereby escape
the host immunity by impaired trafficking into
the autophagolysosome and destabilising the
autophagy proteins.’?* For example, Shigella
flexneri secretes IcsB protein due to which

it escapes from binding to the autophagy
apparatus (autophagy related [Atg] 5), leading
to successful evading of autophagy process,
and this results in its eventual multiplication and
enhanced cellular spread.'®

Understanding the shifts in autophagy regulation
in the different stages of pregnancy is essential
as it can have direct influence on the occurrence
of infection in the maternal-fetal unit. It has been
demonstrated that expression of autophagy
marker LC3B-Il in the placenta decreases

during first trimester and increases during

term pregnancy with TNF-a treatment.'?® This
fluctuation of LC3B-Il during different stages of
pregnancy mediated by inflammatory cytokines
indicates that dysregulation of autophagy can
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have potential implications on the regulation of
infection and apoptosis in the maternal-fetal
unit.'?® Autophagy is deemed to be a protective
mechanism against intestinal inflammation;
however, it can be counterproductive in some
instances depending upon on the presence of
toxins and cytokines in the intestinal milieu.

In preterm infants, increased autophagic

protein gene expression and TLR4 signalling

can kickstart the autophagy process that

can secondarily impair intestinal epithelial
migration through inactivation of Rho-GTPase,

a predisposing factor that can ultimately lead

to NEC.'?” It is quite plausible that an increased
autophagic process tends to be protective at
least in the earlier phases of NEC intestinal injury,
by limiting the progression of the disease.'?®
Electron microscopy evaluation of intestinal
epithelial cells revealed that there is upregulated
expression of autophagy proteins (light chain 3
and beclin), increased formation of autophagic
vacuoles, as well as degradation of p62 in the
ileum of neonatal rats with NEC.'?®

During pathogen-mediated intestinal
inflammation, signalling pathways that tend to
inactivate the autophagic process favour disease
progression in NEC (Figure 3). Studies have
shown that LPS mediates an increase in the ROS,
including peroxy-nitrate production, which can
lead to epithelial injury and intestinal damage

in the NEC disease models.”?® The increase in
ROS production in the intestinal tissues also
evokes inactivation of autophagy marker Atg4
and lipidation of Atg8, which in combination
cripples the autophagy process in the intestinal
epithelial cells. It is important to keep in mind
that the decreased autophagy process in the
IECs is a liability factor for development of

NEC, as disease progression moves forward
unchecked without this important protective
mechanism.’*® But in the later stages of the
inflammatory disease process, the presence

of continuous stressors and chronic tissue
injury becomes detrimental as they convert

the protective autophagic process into a
destructive mechanism that is incapable of
protecting against disease progression. In other
words, autophagy tends to be dysregulated,
counterproductive, and becomes less beneficial
in controlling the infection and therefore
accentuates the mucosal tissue injury in

the NEC."?8
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Figure 3: Various pathological events in necroptosis process.
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main-containing adapter-inducing interferon-p.

Accordingly, controlling the dysregulated
autophagy was used as a therapeutic strategy in
regulating apoptosis and reducing tissue injury
in the NEC models. In a recent study, TNF-a
treatment resulted in decreased proliferation
and increased apoptosis in the IECs (IEC-6
cells) through autophagy induction (increased
LC3Il/I ratio, beclin induction, and increased
autophagy vacuoles), and use of autophagy
inhibitor (wortmannin) reversed these effects,
emphasising the importance of autophagy in
regulation of apoptosis in the in vitro

NEC models.”®

In the rat model of NEC, it was revealed
that autophagy preceded apoptosis and
administration of erythropoietin resulted
in suppressing autophagy markers (beclin
1 and LC3Il), as well of apoptosis through
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kinase 3; TLR4: Toll-like receptor 4; TRIF: IR-do-

phosphoinositide 3 kinase (PI3K)/Akt/
mammalian (or mechanistic) target of rapamycin
signalling pathway and the MAPK/ERK pathway,
respectively.®® By controlling excessive
autophagic activity in enterocytes, human
B-defensin-3 (cationic host defence peptide) is
able to promote epithelial migration, attenuate
mucosal inflammation, maintain mucosal
integrity, and thereby offer protection against
mucosal injury in the neonatal rat model of
NEC.”32 Likewise, supplementation of epidermal
growth factor was beneficial in attenuating

the intestinal injury in NEC via downregulating
autophagy in the in vitro and in vivo models

of NEC.'28
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BACTERIAL INFECTION AND INNATE
IMMUNE RECEPTOR RECOGNITION

Bacterial infection of IECs leads to eliciting of
immune response via downstream signalling

of pathogen recognition receptors (PRR).'®
There different kinds of PRRs include TLRs,
NLRs, retinoic acid-inducible gene-I-like
receptors , C-type lectin receptors, and AIM2-
like receptors.’*® Lipoproteins and proteins of
bacteria are recognised by TLR receptors (1, 2,
4,5, 6, and 10), whereas nucleic acid of bacteria
was identified by TLR receptors (3, 7, 8, and 9),
expressed on the surface of IECs.”®** These will
lead to stimulation of TRIF3 (Toll/IL-1R domain
containing adaptor protein inducing IFN-3) and
myeloid differentiation primary response gene
88 pathways leading to activation of NF-k-B,
IFN regulatory factor 3, and MAPK (mitogen-
activated protein kinase) mediated downstream
signalling events.’®*'3% This will eventually result
in nuclear transcription of proinflammatory
pathways, and elicit a robust immune response
against the pathogen.’s313%

Sometimes, bacteria craft mechanisms to escape
binding to these surface PRRs and undergo
phagocytosis to enter IECs. Once inside, they
will be able to bind to intracellular PRRs, such
as NLRs. These intracellular NLRs have ligand
recognition receptors at the C-terminal domain,
central NACHT domain (a domain coined due
to the presence of four NLR members, namely,
NAIP, CIITA, HETE, and TP1) and caspase
activation and recruitment domain or pyrin
domain at the C-terminal domain.’®3136-138 |n
physiological conditions, these NLRs are in
inactive state due to their inherent U-shaped
configuration, where the NACHT domain

is masked and prevented from undergoing
oligomerisation. As soon as bacteria are broken
down by intracellular lysosomal proteases,
PAMPs are released and bind to LRR. Binding of
PAMPs to LRR results in the unmasking of the
NACHT domain, and this leads to its subsequent
oligomerisation and activation. Gram-positive
and gram-negative peptidoglycans can
activate NOD-containing protein 1 (and NOD-
containing protein 2 receptors, leading to the
stimulation of NF-kB pathways, which can be

a starting point for activation of NOD leucine
rich repeat pyrin domain containing protein

3 (NLRP3) inflammasome . Activation of
NLRP3 inflammasome intracellularly promotes
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innate immune response by secretion of
proinflammatory cytokines, and provokes a
specific type of cell death called pyroptosis,
which enables clearance of pathogen infected
intestinal epithelial cell.’**° |t js interesting to
know that some pathogens can prevent NLRP3
activation and occurrence of pyroptosis by
devising various mechanisms, such as masking
of ligand expression, structural alteration of
ligands limiting the detection of NLRs, and direct
inhibition of inflammasome.'°

Pyroptosis

Bacterial infection of IECs can release DAMPs
and PAMPs, which can act on NLRs.?3' The
activation of NLRP3 inflammasome occurs

in a two-phased manner: NF-k-B meditated
transcription of inflammasome components in
Phase I, as well as assembly and activation of
NLRP3 inflammasome in Phase 1.2 Activation
of NLR on IECs can induce the formation of
inflammasome complex comprising of apoptosis-
associated speck-like protein containing a
caspase activation and recruitment domain,
NLRP3, and capase-1 resulting in secretion of
proinflammatory cytokines, such as IL-1B, and
IL-18 in the classic canonical pathway.*"43 [t is
important to note that IECs secrete relatively
less IL-1B secretion in contrast to lamina propria
macrophages, which are the main source of IL-1B
during intestinal inflammation.*4 Alternatively,
LPS released from gram-negative bacteria can
cause activation of caspase-11, resulting in
cytoplasmic swelling and release of DAMPs in
the non-canonical pathway.®3%2 Both canonical
and non-canonical pathway result in pyroptosis,
a special from of cell death specific to NLRP3
inflammasome activation.®3142143 An important
distinguishing feature of the non-canonical
pathway is that it can directly induce pyroptosis
by stimulating pore forming protein gasdermin
D, and reinforce the activation of the classical
canonical pathway, thereby potentiating the
secretion of pro-inflammatory cytokines.®

The main physiological function of pyroptosis is
to disrupt microbial replication and make them
susceptible for phagocytosis by immune cells.*°

The important morphological features of
pyroptosis cell death include cellular swelling,
osmotic lysis, exocytosis of inflammatory
intracellular contents, DNA cleavage,
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nuclear condensation, and disruption

of actin cytoskeleton.*® The benefits of
inflammasome activation in the IECs can range
from proinflammatory cytokine secretion,
enhanced lipid production (membrane repair),
preventing autophagic cell death, recruitment of
macrophages, activation of B and T lymphocytes,
stimulation of dendritic cells, and wound healing,
to enhanced mucosal integrity.'43144 NLRP3
inflammasome activation can be regarded as an
important intestinal immune defence mechanism
as it inhibits bacterial growth, promotes cellular
repair, and enhances cellular survival in the
earlier stages of infection.*® However, in the
later stages of infection (14-21 days post
infection), cytosolic NLR Type 4 (NLRC4) has
been implicated in the execution of an innate
immune defence mechanism against Citrobacter
rodentium by attenuating bacterial colonisation
and associated intestinal inflammation.'#®

NLRC4 inflammasome is activated by ROS,
lysosomal disruption, and calcium signalling,
whereas the bacterial flagellins and Type IlI
secretion system are capable of activating
NLRP4 inflammasome.™” During physiological
conditions, NLRP4 complexes with beclin-1 to
negatively regulate the autophagy process.'®
On the contrary, during bacterial infections, it
dissociates from beclin-1 to migrate towards

the phagosomes containing Streptococcus A,
thereby promoting beclin-1-mediated autophagic
degradation of bacterium.8

In the different phases of bacterial infection,
IECs activate different types of inflammasomes
as a part of an innate defence mechanism to
neutralise the microbial threat.*® IECs initially
sample the level of bacterial load and decide
to move forward with inflammasome-mediated
pyroptosis, if they sense that bacterial threat

is high enough to warrant the activation of the
immune system for limiting the

intestinal damage.’#?

Suppression of NLRP3 inflammasome had
offered clinical benefit in ulcerative colitis and
mucosal colitis, underscoring its importance

in the pathogenesis of inflammatory bowel
diseases.*®150 Cronobacter sakazakii causes
TLR4/NF-k-B-mediated NLRP3 inflammasome
activation, leading to IL-1B secretion and
pyroptosis in the in vitro and rat models of
NEC.5" According to Hu et al."®? there is increased
expression of IL-1B, IL-18 (mMRNA and protein),
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and NLRP3 (mRNA) in the NEC group of rats
treated with hypoxia and cold stimulation,
compared with the control rats, emphasising
the importance of NLRP3 inflammasome and
pyroptosis in the disease pathogenesis.'s?

NLRP3 inflammasome has been shown to be
activated in the intestine, and brain NEC models,
and its blockade with inhibitor MCC950 resulted
in the substantial reduction in intestinal and brain
inflammation, pathological severity, as well as
long term neurological sequelae.’® In the LPS-
treated IECs, there was increased expression of
high-mobility group protein 1 (HMGB1), NLRP3,
TLR4, NF-k-B, caspase-1, IL-1B, and TNF-q,

as well as knockdown of HMGB, resulting in

the attenuation of these markers, highlighting
the role of HMGB1 in inducing TLR4-induced
activation of NLRP3 inflammasome.” In line

with these findings, increased expression of
HMGB1, NLRP3, TLR4, NF-k-B, caspase-1, IL-
1B, and TNF-a noted in the rat model of NEC
compared with the control group was reversed
with treatment of HMGB1 inhibitor."** Fork 03A
protein (FOXO3a), a member of the fork protein
family and a transcription factor that functions to
limit the translocation of NF-k-B into the nucleus,
derailed the proinflammatory cytokine production
and associated inflammasome-induced
inflammation in the animal models of NEC.'®

In parallel to the above findings, Yin et al."®
demonstrated lower expression of FOXO3a and
higher expression of NLRP3, TLR4, caspase-1,
IL-1B, and IL-18 in the intestinal tissues of NEC
rats and LPS-treated IECs. Overexpression of
FOXO3a resulted in downregulation of NLRP3
inflammasome cytokines and reduction of
pyroptosis, thereby highlighting its role as a
potential therapeutic strategy in regulating
inflammasome mediated intestinal injury in the

in vitro and animal models of NEC.'®

MiRNA-146a-5p was shown to downregulate
NLRP3 related downstream signalling molecules
including caspase-1, and its upstream chloride
intracellular channel 4, in the THP-1 cells treated
with low/moderate doses of LPS (0.5 pg/mL and
1.0 pug/mL) and its overexpression resulted in
improved survival in the animal models of NEC.®¢
Increased expression of suppressor of cytokine
signalling 3 protein resulted in the decreased
expression of NLRP3, caspase-1, IL-18, IL-18,
and TNF-a in the LPS treated caco-2 and fetal
human cells, as well as intestinal tissues of NEC,
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highlighting its therapeutic efficacy in
suppressing NLRP3 inflammasome-induced
inflammation in the NEC models."’

MANY UNANSWERED QUESTIONS
AND UNMET NEEDS: CONCLUSIONS
AND FUTURE PERSPECTIVES

The different types of intestinal cell death that
can possibly occur in NEC include apoptosis,

necrosis, necroptosis, pyroptosis, and autophagy.

The type and severity of cell death is mostly
dependent on the various microbial insults

such as type of bacteria, amount, and type of
toxins released and immune responses that

are present in the intestinal milieu. The current
treatment strategy utilised in the treatment of
NEC includes bowel rest, intravenous antibiotics,
and regular radiographic monitoring.'”” Despite
the best efforts of clinicians in managing these
NEC cases, therapeutic options currently
employed have limited efficacy, and afforded just
symptomatic relief while awaiting natural disease
recovery with no effect in reversing the disease
progression after its onset.

Therefore, it is important to comprehend and
analyse the underlying critical pathogenic
mechanisms that provoke the intestinal injury,
perturb intestinal homeostasis, as well as
augment intestinal permeability in NEC. In this
regard, pathogens that invade and precipitate
IEC apoptosis can compromise the intestinal
epithelial barrier, and trigger a wide variety of
untoward pathological consequences, such

as increased intestinal permeability, intestinal
inflammation, systemic inflammatory response,
translocation of bacteria into the systemic
circulation, systemic inflammatory response
syndrome, and multiorgan failure.?” Therefore,
cell death of IECs is regarded as a critical
nascent cellular event in the pathogenesis of
intestinal inflammatory diseases such as NEC.
So, underlying pathophysiology and associated

Article

cellular signalling events surrounding intestinal
cell death in the NEC need to be delved into and
understood in a systematic and

methodical manner.

In this review, the authors provided a detailed
overview of different types of cell death in

NEC with a special focus on their individual
pathogenic mechanisms and signalling pathways.
Discussing the pathophysiological mechanisms
for various types of cell death in the NEC will

be helpful for understanding the downstream
signalling events based on the type of risk
factors present depending on the bacterial/

viral insults encountered in the intestinal milieu.
Probing into the systematic downstream
signalling events and mechanisms that underlie
various types of IEC death can be very useful in
comprehending the pathogenetic mechanisms
that initiate and perpetuate disease progression
in NEC. Appropriate basic science research
studies implemented in this regard might unravel
novel molecular targets, including membrane
receptors, tyrosine kinases, and intermediate
signalling factors that play a crucial role in
provoking intestinal cell death, and inciting leaky
intestinal barrier in NEC. The authors surmise
that blocking these earlier signalling events that
occur after bacterial insult with the help of these
deciphered molecular targets might offer an
opportunity to reverse the disease progression
from the initial stages of NEC. Therefore, these
molecular targets can form the structural basis
for crafting disease-specific cell-based novel
therapeutic interventions for counteracting cell
death, halting the disease progression, and
decreasing clinical severity and mortality in
infants with NEC. Finally, clinical research studies
to test the efficacies of these novel therapies on
disease severity and systemic complications in
NEC would be the logical next step and the need
of the hour so that they can be implemented in
the clinic for optimising clinical outcomes, as well
as decreasing morbidity and mortality in NEC.

References 2.

1. Kim JH. Neonatal necrotizing
enterocolitis: clinical features
and diagnosis. 2023. Available
at: https://www.uptodate.com/
contents/neonatal-necrotizing-
enterocolitis-clinical-features-
and-diagnosis. Last accessed: 25
October 2023.

EMJ

Mekonnen SM et al. The
prevalence of necrotizing
enterocolitis and associated
factors among enteral fed
preterm and low birth weight
neonates admitted in selected
public hospitals in Addis Ababa,
Ethiopia: a cross-sectional
study. Global Pediatr Health. 4.

2021;8:2333794X211019695.

3. Jilling T et al. Intestinal epithelial
apoptosis initiates gross bowel
necrosis in an experimental rat
model of neonatal necrotizing
enterocolitis. Pediatr Res.
2004;55(4):622-9.

Wolf MF et al. Trends and racial

Creative Commons Attribution-Non Commercial 4.0 « November 2023 . Gastroenterology 81


http://emjreviews.com
https://creativecommons.org/
https://creativecommons.org

10.

1.

12.

13.

14.

15.

16.

82

Article

and geographic differences in
infant mortality in the United
States due to necrotizing
enterocolitis, 1999 to 2020. JAMA
Netw Open. 2023;6(3):231511.

Ginglen JG, Butki N. Necrotizing
Enterocolitis [Internet] (2023)
Treasure Island: StatPearls.
Available at: https://www.ncbi.nlm.
nih.gov/books/NBK513357/. Last
accessed: 25 October 2023.

Zozaya C et al. Incidence,
treatment, and outcome trends of
necrotizing enterocolitis in preterm
infants: a multicenter cohort study.
Front Pediatr. 2020;13(8):188.

Flahive C et al. Necrotizing
enterocolitis: updates on morbidity
and mortality outcomes. J Pediatr.
2020;220:7-9.

Calvert W et al. Necrotising
enterocolitis-a 15-year outcome
report from a UK specialist centre.
Acta Paediatr. 2021;110(2):495-
502.

Alsaied A et al. Global incidence
of necrotizing enterocolitis:

a systematic review and
meta-analysis. BMC Pediatr.
2020;20(1):344.

Alene T et al. Time to occurrence
of necrotizing enterocolitis and its
predictors among low birth weight
neonates admitted at neonatal
intensive care unit of felege

hiwot compressive specialized
hospital BahirDar, Ethiopia, 2021:
a retrospective follow-up study.
Front Pediatr. 2022;10:959631.

Jammeh ML et al. Racial/ethnic
differences in necrotizing
enterocolitis incidence and
outcomes in premature very low
birth weight infants. J Perinatol.
2018;38(10):1386-90.

Israel EJ, Morera C, “Necrotizing
enterocolitis,” Johnson LR (ed.),
Encyclopedia of Gastroenterology
(2004) Amsterdam: Elsevier,
pp.688-92.

Cao X et al. Epidemiology of
necrotizing enterocolitis in preterm
infants in China: a multicenter
cohort study from 2015 to 2018. J
Pediatr Surg. 2022;57(3):382-6.

Kosloske AM. Epidemiology of
necrotizing enterocolitis. Acta
Paediatr Suppl. 1994;396(Suppl!
396):2-7.

Yee WH et al.; Canadian Neonatal
Network. Incidence and timing

of presentation of necrotizing
enterocolitis in preterm infants.
Pediatrics. 2012;129(2):e298-304.

Lin PW, Stoll BJ. Necrotising
enterocolitis. Lancet.

Gastroenterology « November 2023 . Creative Commons Attribution-Non Commercial 4.0

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

2006;368(9543):1271-83.

Papillon S et al. Necrotizing
enterocolitis: contemporary
management and outcomes. Adv
Pediatr. 2013;60(1):263-79.

Llanos AR et al. Epidemiology of
neonatal necrotising enterocolitis:
a population-based study. Paediatr
Perinat Epidemiol. 2002;16(4):342-
9.

Rice WS et al. Disparities in infant
mortality by race among Hispanic
and non-Hispanic infants. Matern
Child Health J. 2017;21(7):1581-8.

Stey A et al. Outcomes and
costs of surgical treatments
of necrotizing enterocolitis.
Pediatrics. 2015;135(5):e1190-7.

Nifio DF et al. Necrotizing
enterocolitis: new insights into
pathogenesis and mechanisms.
Nat Rev Gastroenterol Hepatol.
2016;13(10):590-600.

Holt SA, Friedland GW. Neonatal
necrotizing enterocolitis. Clinical
and radiological features. West J
Med. Feb 1974:120(2):110-5.

Sun J et al. Necrotizing
enterocolitis is associated with
acute brain responses in preterm
pigs. J Neuroinflammation.
2018;15(1):180.

Neu J, Walker WA. Necrotizing
enterocolitis. N Engl J Med.
2011;364(3):255-64.

Esposito F et al. Diagnostic
imaging features of necrotizing
enterocolitis: a narrative review.
Quant Imaging Med Surg. Jun
2017;7(3):336-44.

Soni R et al. How to use
abdominal X-rays in preterm
infants suspected of developing
necrotising enterocolitis.

Arch Dis Child Educ Pract Ed.
2020;105(1):50-7.

Shebrya NH et al. Abdominal
ultrasonography in preterm
necrotizing enterocolitis. Is it
superior to plain radiography? The
Egyptian Journal of Radiology and
Nuclear Medicine. 2012;43(3):457-
63.

Mishra V et al. Imaging for
diagnosis and assessment of
necrotizing enterocolitis. Newborn
(Clarksville). 2022:1(1):182-9.

Alexander KM et al. Implementation
of bowel ultrasound practice for
the diagnosis and management

of necrotising enterocolitis. Arch
Dis Child Fetal Neonatal Ed.
2021;106(1):96-103.

Lu Q et al. Risk factors for
necrotizing enterocolitis in

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

neonates: a retrospective case-
control study. Pediatr Neonatol.
2017;58(2):165-70.

Gephart SM et al. Necrotizing
enterocolitis risk: state of the
science. Adv Neonatal Care.
2012;12(2):77-89.

Wang Z-L et al. Risk factors

of necrotizing enterocolitis

in neonates with sepsis: a
retrospective case-control study.
Int J Immunopathol Pharmacol.
2020;34:2058738420963818.

Berkhout DJC et al. Risk factors
for necrotizing enterocolitis: a
prospective multicenter case-
control study. Neonatology.
2018:114(3):277-84.

Samuels N et al. Risk factors

for necrotizing enterocolitis in
neonates: a systematic review of
prognostic studies. BMC Pediatr.
2017;17(1):105.

Sylvester KG et al., “Necrotizing
Enterocolitis,” Coran AG et al.
(eds.), Pediatric Surgery (2012)
7th edition, St. Louis: Mosby,
pp.1187-207.

Gunadi et al. Challenge in
diagnosis of late onset necrotizing
enterocolitis in a term infant:

a case report. BMC Pediatr.
2021;21(1):152.

Remon Jl et al. Depth of bacterial
invasion in resected intestinal
tissue predicts mortality in
surgical necrotizing enterocolitis. J
Perinatol. 2015;35(9):755-62.

Grosfeld JL et al. Gastrointestinal
perforation and peritonitis in
infants and children: experience
with 179 cases over ten years.
Surgery. 1996;120(4):650-5.

Shulhan J et al. Current knowledge
of necrotizing enterocolitis in
preterm infants and the impact of
different types of enteral nutrition
products. Adv Nutr. 2017;8(1):80-
9.

Lee JS, Polin RA. Treatment
and prevention of necrotizing
enterocolitis. Semin Neonatol.
2003;8(6):449-59.

Dimmitt RA, Moss RL. Clinical
management of necrotizing
enterocolitis. NeoReviews.
2001;2(5):e110-7.

Syed MK et al. Surgical versus
medical management of
necrotizing enterocolitis with and
without intestinal perforation: a
retrospective chart review. Cureus.
2021,13(6):e15722.

Bazacliu C, Neu J. Necrotizing
enterocolitis: long term
complications. Curr Pediatr Rev.

EMJ


http://emjreviews.com
https://creativecommons.org/
https://creativecommons.org

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

EMJ

2019;15(2):115-24.

Kosloske AM, Martin LW. Surgical
complications of neonatal
necrotizing enterocolitis. Arch
Surg. 1973;107(2):223-8.

Horwitz JR et al. Complications
after surgical intervention for
necrotizing enterocolitis: a
multicenter review. J Pediatr Surg.
1995;30(7):994-9.

Colgan SP, Taylor CT. Hypoxia:
an alarm signal during
intestinal inflammation. Nat
Rev Gastroenterol Hepatol.
2010;7(5):281-7.

Xue X et al. Endothelial PAS
domain protein 1 activates the
inflammatory response in the
intestinal epithelium to promote
colitis in mice. Gastroenterology.
2013;145(4):831-41.

Karhausen J et al. Epithelial
hypoxia-inducible factor-1

is protective in murine
experimental colitis. J Clin Invest.
2004;114(8):1098-106.

Shah YM. The role of hypoxia in
intestinal inflammation. Mol Cell
Pediatr. 2016;3(1):1.

Dvornikova KA et al. Hypoxia and
intestinal inflammation: common
molecular mechanisms and
signaling pathways. Int J Mol Sci.
2023;24(3):2425.

De Fazio L et al. Necrotizing
enterocolitis: overview on in
vitro models. Int J Mol Sci.
2021;22(13):6761.

De Plaen IG. Inflammatory
signaling in necrotizing
enterocolitis. Clin Perinatol.
2013;40(1):109-24.

Cetin S et al. Endotoxin inhibits
intestinal epithelial restitution
through activation of Rho-GTPase
and increased focal adhesions. J
Biol Chem. 2004;279(23):24592-
600.

Yazji | et al. Endothelial TLR4
activation impairs intestinal
microcirculatory perfusion in
necrotizing enterocolitis via
eNOS-NO-nitrite signaling.
Proc Natl Acad Sci U S A.
2013;110(23):9451-6.

Chaaban H et al. Neutrophil
extracellular trap inhibition
increases inflammation,
bacteraemia and mortality in
murine necrotizing enterocolitis. J
Cell Mol Med. 2021;25(23):10814-
24.

Egan CE et al. Toll-like receptor
4-mediated lymphocyte influx
induces neonatal necrotizing
enterocolitis. J Clin Invest.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

2016;126(2):495-508.

Li Q et al. Interferon-gamma

and tumor necrosis factor-alpha
disrupt epithelial barrier function
by altering lipid composition

in membrane microdomains of
tight junction. Clin Immunol.
2008;126(1):67-80.

Hodzic Z et al. The role of mucosal
immunity in the pathogenesis of
necrotizing enterocolitis. Front
Pediatr. 2017;5:40.

Pai Y-C et al. Gut microbial
transcytosis induced by tumor
necrosis factor-like TA-dependent
activation of a myosin light chain
kinase splice variant contributes
to IBD. J Crohns Colitis.
2020;15(2):258-72.

Baregamian N et al. IGF-1
protects intestinal epithelial
cells from oxidative stress-
induced apoptosis. J Surg Res.
2006;136(1):31-7.

Li B et al. Intestinal epithelial

cell injury is rescued by
hydrogen sulfide. J Pediatr Surg.
2016;51(5):775-8.

Shin CE et al. Diminished epidermal
growth factor levels in infants with
necrotizing enterocolitis. J Pediatr
Surg. 2000;35(2):173-7.

Wahab Mohamed WA, Aseeri AM.
Cord blood epidermal growth
factor as a possible predictor of
necrotizing enterocolitis in very
low birth weight infants. J Neonatal
Perinatal Med. 2013;6(3):257-62.

Fu D et al. B-arrestin-2 enhances
intestinal epithelial apoptosis in
necrotizing enterocolitis. Aging
(Albany NY). 2019;11(19):8294-
312.

Elmore S. Apoptosis: a review of
programmed cell death. Toxicol
Pathol. 2007;35(4):495-516.

Clark JA et al. Epidermal growth
factor reduces intestinal apoptosis
in an experimental model of
necrotizing enterocolitis. Am J
Physiol Gastrointest Liver Physiol.
2005;288(4):G755-62.

Williams JM et al. Epithelial cell
shedding and barrier function:
a matter of life and death at the
small intestinal villus tip. Vet
Pathol. 2015;52(3):445-55.

Baregamian N et al. Tumor
necrosis factor-a and apoptosis
signal-regulating kinase 1 control
reactive oxygen species release,
mitochondrial autophagy and
c-Jun N-terminal kinase/p38
phosphorylation during necrotizing
enterocolitis. Oxid Med Cell
Longev. 2009;2(5):297-306.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Article

Rich BS, Dolgin SE. Necrotizing
enterocolitis. Pediatr Rev.
2017;38(12):552-9.

Martini E et al. Mend your fences:
the epithelial barrier and its
relationship with mucosal immunity
in inflammatory bowel disease.
Cell Mol Gastroenterol Hepatol.
2017;4(1):33-46.

Caplan MS et al. The role of

PAF, TLR, and the inflammatory
response in neonatal necrotizing
enterocolitis. Semin Pediatr Surg.
2005;14(3):145-51.

Subramanian S et al. Cell death
of intestinal epithelial cells in
intestinal diseases. Sheng Li Xue
Bao. 2020;72(3):308-24.

Neal MD et al. Toll-like receptor
4 is expressed on intestinal
stem cells and regulates their
proliferation and apoptosis via
the p53 up-regulated modulator
of apoptosis. J Biol Chem.
2012;287(44):37296-308.

Kawai T, Akira S. The roles of
TLRs, RLRs and NLRs in pathogen
recognition. Int Immunol.
2009;21(4):317-37.

Amarante-Mendes GP et al.
Pattern recognition receptors
and the host cell death molecular
machinery. Front Immunol.
2018;9:2379.

Liu T et al. NF-kB signaling in
inflammation. Signal Transduct
Target Ther. 2017;2:17023.

Ford H et al. The role of
inflammatory cytokines and nitric
oxide in the pathogenesis of
necrotizing enterocolitis. J Pediatr
Surg. 1997;32(2):275-82.

Afrazi A et al. Toll-like receptor
4-mediated endoplasmic reticulum
stress in intestinal crypts induces
necrotizing enterocolitis. J Biol
Chem. 2014;289(14):9584-99.

Mitsiades N et al. Apoptosis
induced by FasL and TRAIL/Apo2L
in the pathogenesis of thyroid
diseases. Trends Endocrinol
Metab. 2001;12(9):384-90.

Dong W, Zhang M, Zhu Y, et

al. Protective effect of NSA on
intestinal epithelial cells in a
necroptosis model. Oncotarget.
2017;8(49):86726-35.

Mcllwain DR et al. Caspase
functions in cell death and disease.
Cold Spring Harb Perspect Biol.
2013;5(4):a008656. Erratum in:
Cold Spring Harb Perspect Biol.
2015;7(4):a026716.

Yang Y et al. Prevention of
necrotizing enterocolitis through
milk polar lipids reducing intestinal

Creative Commons Attribution-Non Commercial 4.0 « November 2023 . Gastroenterology 83


http://emjreviews.com
https://creativecommons.org/
https://creativecommons.org

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

84

Article

epithelial apoptosis. J Agric Food
Chem. 2020;68(26):7014-23.

Fu D et al. B-arrestin-2 enhances
intestinal epithelial apoptosis in
necrotizing enterocolitis. Aging
(Albany NY). 2019;11(19):8294-
312.

Xie M-Y et al. Porcine milk
exosome MiRNAs attenuate
LPS-induced apoptosis through
inhibiting TLR4/NF-kB and p53
pathways in intestinal epithelial
cells. J Agric Food Chem.
2019;67(34):9477-91.

Shi X-J et al. MicroRNA-23a
reduces lipopolysaccharide-
induced cellular apoptosis and
inflammatory cytokine production
through Rho-associated kinase
1/sirtuin-1/nuclear factor-kappa

B crosstalk. Chin Med J (Engl).
2021;,134(7):829-39.

Xie M et al. MiR-339 attenuates
LPS-induced intestinal epithelial
cells inflammatory responses
and apoptosis by targeting
TLR4. Genes Genomics.
2020;42(9):1097-105.

Guo Y et al. Prevention of
necrotizing enterocolitis

through surface layer protein

of Lactobacillus acidophilus
CICC6074 reducing intestinal
epithelial apoptosis. J Funct Foods.
2018;47:91-9.

Khailova L et al. Bifidobacterium
bifidum reduces apoptosis

in the intestinal epithelium in
necrotizing enterocolitis. Am J
Physiol Gastroint Liver Physiol.
2010;299(5):G1118-27.

YuY et al. Erythropoietin protects
epithelial cells from excessive
autophagy and apoptosis in
experimental neonatal necrotizing
enterocolitis. PLoS One.
2013;8(7):69620.

Fink SL, Cookson BT. Apoptosis,
pyroptosis, and necrosis:
mechanistic description of dead
and dying eukaryotic cells. Infect
Immun. 2005;73(4):1907-16.

Lin D et al. Efferocytosis and its
associated cytokines: a light on
non-tumor and tumor diseases?
Mol Ther Oncolytics. 2020;17:394-
407.

Adigun R et al. Cell Liquefactive
Necrosis [Internet] (2021) Treasure
Island: StatPearls. Available

at: https://www.ncbi.nlm.nih.
gov/books/NBK430935/. Last
accessed: 25 October 2023.

Nunes T et al. Cell death and
inflammatory bowel diseases:
apoptosis, necrosis, and
autophagy in the intestinal

Gastroenterology « November 2023 . Creative Commons Attribution-Non Commercial 4.0

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

epithelium. Biomed Res Int.
2014;2014:218493.

Subramanian S et al. Cell death
of intestinal epithelial cells in
intestinal diseases. Sheng Li Xue
Bao. 2020;72(3):308-24.

Lueschow SR, McElroy SJ.
The paneth cell: the curator
and defender of the immature
small intestine. Front Immunol.
2020;11:587.

Martins P et al. [Intestinal
necrosis in children]. Acta Med
Port. 2000;13(5-6):313-8. (In
Portuguese).

Campbell EA SM. Bowel Necrosis
[Internet] (2021) Treasure Island:
StatPearls. Available at: https://
www.ncbi.nim.nih.gov/books/
NBK534298/. Last accessed: 25
October 2023.

Faingold R et al. Necrotizing
enterocolitis: assessment of bowel
viability with color doppler US.
Radiology. 2005;235(2):587-94.

Kasivajjula H, Maheshwari A.
Pathophysiology and current
management of necrotizing
enterocolitis. Indian J Pediatr.
2014,81(5):489-97.

Eaton S et al. Histologic and
immunohistochemical features
associated with outcome in
neonatal necrotizing enterocolitis.
Eur J Pediatr Surg. 2014;24(1):51-
6.

Heida FH et al. Intestinal fatty
acid-binding protein levels in
necrotizing enterocolitis correlate
with extent of necrotic bowel:
results from a multicenter study. J
Pediatr Surg. 2015;50(7):1115-8.

Gonzalez-Crussi F, Hsueh

W. Experimental model of
ischemic bowel necrosis. The
role of platelet-activating factor
and endotoxin. Am J Pathol.
1983;112(1):127-35.

Hsueh W et al. Platelet-activating
factor-induced ischemic bowel
necrosis. An investigation of
secondary mediators in its
pathogenesis. Am J Pathol.
1986;122(2):231-9.

Sun XM, Hsueh W. Bowel necrosis
induced by tumor necrosis factor
in rats is mediated by platelet-
activating factor. J Clin Invest.
1988;81(5):1328-31.

Pasparakis M, Vandenabeele
P. Necroptosis and its role

in inflammation. Nature.
2015;517(7534):311-20.

Takahashi N et al. RIPK1
ensures intestinal homeostasis
by protecting the epithelium

107.

108.

109.

10.

1.

2.

13.

4.

115.

116.

117.

18.

119.

against apoptosis. Nature.
2014;513(7516):95-9.

Dhuriya YK, Sharma D.
Necroptosis: a regulated
inflammatory mode of cell death. J
Neuroinflammation. 2018;15(1):199.

Weinlich R et al. Necroptosis in
development, inflammation and
disease. Nat Rev Mol Cell Bio.
2017;18(2):127-36.

He S et al. Toll-like receptors
activate programmed necrosis in
macrophages through a receptor-
interacting kinase-3-mediated
pathway. Proc Natl Acad Sci U S A.
2011;108(50):20054-9.

Kaiser WJ et al. Toll-like receptor
3-mediated necrosis via TRIF,
RIP3, and MLKL. J Biol Chem.
2013;288(43):31268-79.

Robinson N et al. Type |
interferon induces necroptosis
in macrophages during infection
with salmonella enterica serovar
typhimurium. Nat Immunol.
2012;13(10):954-62.

Lee KH, Kang TB. The molecular
links between cell death

and inflammasome. Cells.
2019;8(9)1057.

Sinclair T et al. Necroptosis is
associated with development
dependent enterocyte death
in a mouse model of intestinal
injury and human necrotizing
enterocolitis. J Am Coll Surg,
2016;4(2):e157-8.

Werts AD et al. A novel role for
necroptosis in the pathogenesis
of necrotizing enterocolitis.

Cell Mol Gastroenterol Hepatol.
2020;9(3):403-23.

Liu T et al. Toll-like receptor
4-mediated necroptosis in the
development of necrotizing
enterocolitis. Pediatr Res.
2022;9(1):73-82.

Xu X et al. Medium-chain TAG
improve intestinal integrity

by suppressing toll-like

receptor 4, nucleotide-binding
oligomerisation domain proteins
and necroptosis signalling in
weanling piglets challenged with
lipopolysaccharide. Br J Nutr.
2018;119(9):1019-28.

Li X et al. MiR-141-3p ameliorates
RIPK1-mediated necroptosis

of intestinal epithelial cells in
necrotizing enterocolitis. Aging
(Albany NY). 2020;12(18):18073-
83.

Glick D et al. Autophagy: cellular
and molecular mechanisms. J
Pathol. 2010;221(1):3-12.

Aman Y et al. Autophagy in healthy

EMJ


http://emjreviews.com
https://creativecommons.org/
https://creativecommons.org

aging and disease. Nat Aging.
2021;1(8):634-50.

120. Dikic |, Elazar Z. Mechanism and
medical implications of mammalian
autophagy. Nat Rev Mol Cell Biol.
2018;19(6):349-64.

121. Haq S et al. Autophagy: roles in
intestinal mucosal homeostasis
and inflammation. J Biomed Sci.
2019;26(1):19.

122. Gutierrez MG et al. Protective
role of autophagy against Vibrio
cholerae cytolysin, a pore-forming
toxin from V. cholerae. Proc Natl
Acad Sci U S A. 2007;104(6):1829-
34.

123. Huett A, Xavier RJ. Autophagy
at the gut interface: mucosal
responses to stress and the
consequences for inflammatory
bowel diseases. Inflamm Bowel
Dis. 2010;16(1):152-74.

124. Levine B, Kroemer G. Autophagy in
the pathogenesis of disease. Cell.
2008;132(1):27-42.

125. Ogawa M et al. Escape
of intracellular Shigella
from autophagy. Science.
2005;307(5710):727-31.

126. Prokesch A et al. Placental DAPK1
and autophagy marker LC3B-lI
are dysregulated by TNF-a in
a gestational age-dependent
manner. Histochem Cell Biol.
2017;147(6):695-705.

127. Neal MD et al. A critical role for
TLR4 induction of autophagy
in the regulation of enterocyte
migration and the pathogenesis
of necrotizing enterocolitis. J
Immunol. 2013;190(7):3541-51.

128. Maynard AA et al. Epidermal
growth factor reduces autophagy
in intestinal epithelium and in
the rat model of necrotizing
enterocolitis. Am J Physiol
Gastrointest Liver Physiol.
2010;299(3):G614-22.

129. Aceti A et al. Oxidative stress
and necrotizing enterocolitis:
pathogenetic mechanisms,
opportunities for intervention, and
role of human milk. Oxid Med Cell
Longev. 2018;2018:7397659.

130. Scherz-Shouval R et al. Reactive
oxygen species are essential
for autophagy and specifically
regulate the activity of Atg4. EMBO
J. 2007;26(7):1749-60. Erratum in:
EMBO J. 2019;38(10):e101812.

131. Yuan Y et al. TNF-a induces
autophagy through ERK1/2
pathway to regulate apoptosis in
neonatal necrotizing enterocolitis
model cells IEC-6. Cell Cycle.
2018;17(11):1390-402.

132.Chen L et al. Human B-defensin-3

EMJ

reduces excessive autophagy
in intestinal epithelial cells and
in experimental necrotizing
enterocolitis. Sci Rep.
2019;9(1):19890.

133.Li D, Wu M. Pattern recognition
receptors in health and diseases.
Signal Transduct Target Ther.
2021;6(1):291.

134.Chuenchor W, Jin T, Ravilious G,
Xiao TS. Structures of pattern
recognition receptors reveal
molecular mechanisms of
autoinhibition, ligand recognition
and oligomerization. Curr Opin
Immunol. 2014;26:14-20.

135.Jang J-H et al. An overview of
pathogen recognition receptors
for innate immunity in dental
pulp. Mediators Inflamm.
2015;2015:794143.

136.Barbé F et al. Advances in nod-
like receptors (NLR) biology.
Cytokine Growth Factor Rev.
2014,;25(6):681-97.

137. Kim YK et al. NOD-like receptors in
infection, immunity, and diseases.
Yonsei Med J. 2016;57(1):5-14.

138. Alvarez CA et al. Insights into the
diversity of NOD-like receptors:
identification and expression
analysis of NLRC3, NLRC5 and
NLRX1 in rainbow trout. Mol
Immunol. 2017;87:102-13.

139. Mariathasan S. ASC, Ipaf and
Cryopyrin/Nalp3: bona fide
intracellular adapters of the
caspase-1inflammasome.
Microbes Infect. 2007;9(5):664-71.

140. Jorgensen |, Miao EA. Pyroptotic
cell death defends against
intracellular pathogens. Immunol
Rev. 2015;265(1):130-42.

141. Song-Zhao GX et al. Nirp3
activation in the intestinal
epithelium protects against a
mucosal pathogen. Mucosal
Immunol. 2014;7(4):763-74.

142.Zmora N et al. Inflammasomes and
intestinal inflammation. Mucosal
Immunology. 2017;10(4):865-83.

143.Bergsbaken T et al. Pyroptosis:
host cell death and inflammation.
Nat Rev Microbiol. 2009;7(2):99-
109.

144.Lei-Leston AC et al. Epithelial
cell inflammasomes in intestinal
immunity and inflammation. Front
Immunol. 2017;8(1168):1168.

145. Downs KP et al. An overview of the
non-canonical inflammasome. Mol
Aspects Med. 2020;76:100924.

146. Nordlander S, Pott J, Maloy KJ.
NLRC4 expression in intestinal
epithelial cells mediates protection
against an enteric pathogen.

Article

Mucosal Immunol. 2014;7(4):775-
85.

147. Sharma D, Kanneganti T-D. The
cell biology of inflammasomes:
mechanisms of inflammasome
activation and regulation. J Cell
Biol. 2016;213(6):617-29.

148.Jounai N et al. NLRP4 negatively
regulates autophagic processes
through an association
with beclin1. J Immunol.
2011;186(3):1646-55.

149.Zhang H et al. Therapeutic effects
of triptolide via the inhibition of
IL-1B expression in a mouse model
of ulcerative colitis. Exp Ther Med.
2016;12(3):1279-86.

150. Tian Z et al. Astagalus
polysaccharide attenuates murine
colitis through inhibiton of the
NLRP3 inflammasome. Planta Med.
2017;83(1-02):70-7.

151. Chen Z et al. Cronobacter
sakazakii induces necrotizing
enterocolitis by regulating NLRP3
inflammasome expression
via TLR4. J Med Microbiol.
2020;69(5):748-58.

152.Hu D, Liu H. [Pyroptosis is
involved in the pathogenesis of
necrotizing enterocolitis]. Xi Bao
Yu Fen Zi Mian Yi Xue Za Zhi.
2018;34(12):1070-4. (Article in
Chinese).

153.Zhu F et al. Blockage of NLRP3
inflammasome activation
ameliorates acute inflammatory
injury and long-term cognitive
impairment induced by
necrotizing enterocolitis in mice. J
Neuroinflammation. 2021;18(1):66.

154.Yu R et al. Inhibition of HMGB1
improves necrotizing enterocolitis
by inhibiting NLRP3 via TLR4 and
NF-kB signaling pathways. J Cell
Physiol. 2019;234(8):13431-8.

155.Yin Y et al. Overexpressed FOXO3
improves inflammatory status in
mice by affecting NLRP3-mediated
cell coronation in necrotizing
colitis mice. Biomed Pharmacother.
2020;125:109867.

156. Chen J et al. MiR-146a-5p mimic
inhibits NLRP3 inflammasome
downstream inflammatory factors
and clic4 in neonatal necrotizing
enterocolitis. Front Cell Dev Biol.
2021;8:594143.

157. Zhang H et al. SOCS3 protects
against neonatal necrotizing
enterocolitis via suppressing
NLRP3 and AIM2 inflammasome
activation and p65 nuclear
translocation. Mol Immunol.
2020;122:21-7.

Creative Commons Attribution-Non Commercial 4.0 « November 2023 . Gastroenterology 85


http://emjreviews.com
https://creativecommons.org/
https://creativecommons.org

