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1  | INTRODUC TION

Necrotizing enterocolitis (NEC) is the most common gastrointestinal 
emergency and the leading surgical cause of death in the neonatal 
intensive care unit.1 It is characterized by inflammation and patchy 

necrosis of the bowel wall that can rapidly progress to sepsis. Despite 
advances in clinical care, prevalence and mortality from NEC have 
not changed. Approximately 7%-10% of premature infants develop 
NEC and 20%-30% of those do not survive. Mortality is even higher, 
and up to 50% in the very-low-birthweight infants (<1000 g).1-3
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Abstract
Necrotizing enterocolitis (NEC) is a devastating gastrointestinal disease affecting pri-
marily premature infants. The disease is characterized by intestinal inflammation and 
leucocyte infiltration, often progressing to necrosis, perforation, systemic inflam-
matory response and death. Neutrophil extracellular traps (NETs), denoting nuclear 
DNA, histone and antimicrobial protein release, have been suggested to play a role in 
NEC. This study aimed to determine the role of NETs in NEC and explore the effect 
of chloramidine, a NET inhibitor, on a murine NEC-like intestinal injury model. Blood 
and intestinal tissues were collected from infants diagnosed with ≥ Stage II NEC, and 
levels of nucleosomes and NETs, respectively, were compared with those of case-
matched controls. In mice, NEC was induced with dithizone/Klebsiella, and mice in the 
treatment group received 40 mg/kg chloramidine. Bacterial load, intestinal histology, 
plasma myeloperoxidase and cytokine levels, and immunofluorescent staining were 
compared with controls. Nucleosomes were significantly elevated in both human and 
mouse NEC plasma, whereas NET staining was only present in NEC tissue in both 
species. Chloramidine treatment increased systemic inflammation, bacterial load, 
organ injury and mortality in murine NEC. Taken together, our findings suggest that 
NETs are critical in the innate immune defence during NEC in preventing systemic 
bacteraemia.
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Whereas the aetiology of NEC is still unclear, evidence sug-
gests that prematurity, formula feeding and an altered intes-
tinal microbiome play central roles in the pathogenesis of the 
disease.4 Histologically, NEC is characterized by inflammation, 
massive leucocyte infiltration, epithelial necrosis and bacterial 
translocation.5,6 Although neutrophil infiltration has been long 
recognized, the beneficial or detrimental contributions of these 
cells in NEC remain controversial.5,7 Neutrophils are first-line 
responders eradicating most infectious organisms by a combi-
nation of phagocytosis, degranulation or the relatively novel 
mechanism of neutrophil extracellular traps (NETs).8 In NEC, 
neutrophils appear necessary for pathogen clearance, as the lack 
of, or dysfunctional neutrophils aggravate intestinal mucosal in-
jury in a murine model of NEC. However, excessive neutrophil 
recruitment or inadequate neutrophil clearance could cause col-
lateral damage through the release of toxic products and reac-
tive oxygen species.7,9

The potential role of NETs in the pathogenesis of NEC is a 
relatively new area of investigation.10-12 NETs are large web-like 
structures formed by neutrophil nuclear DNA enriched with his-
tones as well as cytoplasmic and granular antimicrobial proteins, 
such as neutrophil elastase (NE) and myeloperoxidase (MPO).13 
These physical entrapments are either released in a rapid non-le-
thal process, or more commonly hours after stimulation, result-
ing in a cell death process distinct from apoptosis or necrosis.13 
A key step in NET formation is the citrullination of histones 
H2B, H3 and H4 via the enzyme peptidyl arginine deiminase 4 
(PAD4).14 NETs are cleared in the body through degradation by 
plasma deoxyribonuclease 1 (DNAse 1), DNase1L3 and DNAse 
III, and subsequent macrophage phagocytosis.15 Whereas NETs 
are known to capture and destroy offending microorganisms, 
excessive NET formation or delayed clearance of NETs or NET 
components specifically histones contributes to pathological 
conditions like sepsis, thrombosis and transfusion-associated 
acute lung injury.16-19

In human neonates, neutrophils display an intrinsic delay in NET 
formation, yet these immune cells are still capable of releasing func-
tionally competent NETs.16,20 NETs were identified in a lipopoly-
saccharide (LPS)/hypoxia/formula-feeding NEC model, where NET 
inhibition resulted in less tissue damage and inflammation, and re-
duced mortality.10 Notably, in premature infants with NEC, it is pos-
tulated that an altered intestinal microbiome and impaired epithelial 
barrier are associated with developing the disease.21 Whether NETs 
offer protection against abnormal intestinal pathogens or contribute 
to pathology in models of NEC that require intestinal infection is still 
unclear.

The aims of the study were to confirm the presence of NETs and 
circulating nucleosomes (histone octamers bound to DNA and re-
leased during cell damage and death) in human NEC, and examine 
the effect NET inhibition using chloramidine (Cl-amidine), a pan-PAD 
and NET inhibitor,22 on the incidence and severity of NEC in a mouse 
model of dithizone/Klebsiella infection.

2  | METHODS

2.1 | Study design

This observational study was approved by the Institutional Review 
Board (IRB, protocol # 2472) the University of Oklahoma Health 
Sciences Center (OUHSC). Informed consent was obtained from all 
parents or legal guardians of neonates involved in this study. Serum 
was collected from premature human infants prospectively at the 
time of NEC diagnosis. NEC diagnosis was based on clinical manifes-
tations and radiographic findings established by the modified Bell's 
staging criteria.23 Accordingly, radiographic finding of pneumatosis 
intestinalis with significant intestinal dilation and ileus with or with-
out portal vein gas or ascites was defined as NEC, Stage II. Additional 
ascites and/or bowel perforation defined advanced NEC, Stage III. 
Only infants with Stage II or III NEC were included in the NEC group. 
Controls were matched two-to-one to NEC cases for gestational age 
(GA) at birth (±1 week), birthweight (±200 g) and post-natal age (±1 
week). Human ileal tissue samples were acquired from a repository 
at the OUHSC.

2.2 | Human nucleosome analysis

Circulating nucleosomes, a marker for NET release,24,25 were meas-
ured from human serum using ELISA (Cell Death Detection ELISAplus 
kit, Version 14: Roche Diagnostics, Indianapolis, IN), per manufac-
turer's instructions. Briefly, the ELISA utilized 20 μL of plasma and 
80 μL of immunoreagent per well, and samples were run in dupli-
cate. Samples were measured in relation to background and positive 
control.

2.3 | Immunofluorescent staining of human ileal 
NEC tissues

Human ileal tissue samples, stored as paraffin blocks, were cut to 
5-µm sections and mounted on charged slides. Following deparaffi-
nization, sections were rehydrated utilizing serial dilutions of water 
and ethanol. Antigen retrieval was accomplished using 10 mmol/L so-
dium citrate buffer, pH 6.0. Sections were incubated with rabbit anti-
H4 Cit3 IgG1 (citrullinated histone H4; EMD Millipore, Burlington, 
MA), followed by Cy3 conjugated donkey anti-rabbit IgG (Jackson 
ImmunoResearch, West Grove, PA). After blocking with unconjugated 
donkey anti-rabbit IgG Fab fragments (Jackson ImmunoResearch), 
sections were incubated with rabbit anti-neutrophil elastase IgG 
(Calbiochem, San Diego, CA), followed by FITC-conjugated don-
key anti-rabbit IgG (Jackson ImmunoResearch) and mounted using 
Vectashield Antifade Mounting Medium (Vector Laboratories, 
Burlingame, CA) containing DAPI as a nuclear stain. Isotype-matched 
controls were used as negative controls. Sections were visualized with 
a Nikon C1 confocal microscope (Nikon, Melville, NY).
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2.4 | Mouse model of NEC

All animal experiments were approved by the Institutional Animal 
Care and Use Committee (IACUC) of the University of Oklahoma 
Health Sciences Center and performed according to recommenda-
tions in the Guide for the Care and Use of Laboratory Animals. Time-
pregnant CD-1 mice were purchased from Charles River Laboratory, 
Wilmington, MA, and were housed under standard conditions with 
free access to standard laboratory feed and water. Mice pups were de-
livered naturally and were dam-fed before experiments. On P15, the 
day of experimentation, pups were separated from their mothers and 
maintained in a temperature- and humidity-controlled chamber. For 
the NEC challenge in the study, we used a modified Paneth cell ablation 
and Klebsiella infection model, also known as the dithizone/Klebsiella 
(DK) model.26 Briefly, CD-1 mouse pups of both sexes were divided 
into three groups: (a) sham (n = 10), (b) NEC (n = 20) and (c) NEC + Cl-
amidine (n = 20). Pups in the NEC groups received an intraperitoneal 
injection of dithizone (33 mg/kg bodyweight; Sigma-Aldrich, St. Louis, 
MO) dissolved in 25 mM lithium carbonate solution or an equivalent 
volume of vehicle alone (Supplemental Figure 1). At six hours post-in-
jection, pups received an enteral gavage of 1 × 108 CFU (colony-form-
ing units)/gram bodyweight of Klebsiella pneumoniae (ATCC#10031, 
Manassas, VA). Pups in the Cl-amidine group received 40 mg/kg body-
weight intraperitoneal administration of the NET inhibitor Cl-amidine 
(Calbiochem Cat. 506282, Millipore, Burlington, MA) in phosphate-
buffered saline (PBS) both 30 minutes before the bacterial challenge 
and 3 hours post-challenge. Cl-amidine dosing was determined consid-
ering prior studies of NET inhibition in sepsis27 and dextran sulphate 
sodium colitis.28 Pups were continuously monitored for distress and 
survival for 10 hours, after which surviving pups were killed, and blood 
and tissues were collected.

2.5 | Blood culture

In a separate set of experiments, the DK challenge was conducted 
as described above, and blood was collected from all pups by cardiac 
puncture 1, 3, 6 or 10 hours after bacteria administration (n ≥ 6 per 
group). Serial dilutions of the blood using sterile PBS were plated in 
triplicate onto square gridded agar plates (D210-16, Simport, Beloeil, 
Quebec, Canada) using the track dilution method. Plates were read 
the following morning after incubating aerobically overnight at 37°C 
and used to assess levels of bacteraemia.

2.6 | Histological evaluation and immunofluorescent 
staining of mouse NEC ileum

Mouse terminal ileal tissues were fixed with 10% formalin buffer, 
paraffin-embedded and stained with haematoxylin and eosin for mi-
croscopic examination. Mucosal intestinal injury was evaluated by 
two blinded pathologists and graded on a 4-point scale developed 
by Jilling et al29: grade 0, no injury (normal); grade 1, sloughing of 

villous tip cells; grade 2, mid-villous damage; grade 3, denudation of 
epithelium with loss of villi, crypts intact; grade 4, transmural necro-
sis. Histological analysis was performed on 3-5 sections per speci-
men, and the highest score per specimen was recorded. Histological 
scores  ≥  2 were defined as NEC. Immunofluorescent staining of 
mouse NEC tissue largely followed the procedures outlined above 
for human tissue samples. After deparaffinization, rehydration and 
antigen retrieval, sections were incubated with rabbit anti-MPO 
IgG (Epitomics, Burlingame, CA), followed by Cy3-conjugated don-
key anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA). 
Additionally, after blocking with unconjugated donkey anti-rabbit 
IgG Fab fragments (Jackson ImmunoResearch), sections were in-
cubated with rabbit anti-MPO (EMD Millipore), followed by FITC-
conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch) and 
mounted using Vectashield Antifade Mounting Medium (Vector 
Laboratories, Burlingame, CA) containing DAPI as a nuclear counter-
stain. Quantification of fluorescence intensity was obtained using 
the ImageJ program (National Institutes of Health, Bethesda, MA). 
The threshold for each stain was adjusted to the same level for all 
samples.

2.7 | Circulating nucleosome, MPO and 
cytokine analysis

Mouse circulating nucleosomes were measured as described above. 
MPO activity in mouse plasma was measured using a Fluoro MPOTM 
kit (Cell Technology, Mountain View, CA). Fluorescence excitation 
was measured at 570 nm, and emission was measured at 600 nm. 
Samples were quantified via comparison to the standard curve of 
known values.

Mouse serum cytokines such as TNF-α, growth-regulated onco-
gene-alpha (GRO-α), interleukin 6 (IL-6), IL-1β, IL-10 and monocyte 
chemoattractant protein 1 (MCP-1) were measured using immunoflu-
orescence technology (xMAP 6-plex cytokine/chemokine magnetic 
bead panel, EMD Millipore, Burlington, MA) as per manufacturer's 
instructions. Samples were run on a BioPlex 200 instrument (Bio-
Rad, Hercules, CA) in duplicate, and cytokine levels were quantified 
via comparison to a 4PL algorithm standard curve.

2.8 | Complete blood counts (CBCs)

Mouse blood was collected via cardiac puncture into EDTA-coated 
capillary tubes. Cell counts were analysed using a Hemavet 950FS 
Veterinary Multi-species Hematology System (Drew Scientific, 
Miami Lakes, FL).

2.9 | Statistical analysis

All statistical analyses were performed using GraphPad Prism 6 (ver-
sion 6.07) for Windows (GraphPad Software, La Jolla, CA, www.

http://www.graphpad.com
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graph​pad.com). Data are presented as mean ± SEM, and differences 
between and among groups were analysed using either unpaired t 
test or one-way ANOVA followed by Tukey test where appropriate. 
Survival data were analysed using Kaplan–Meier curves (Mantel–
Cox logrank test). Data were considered significant when P < 0.05.

3  | RESULTS

3.1 | Circulating nucleosomes are present in 
premature human infants with NEC

To determine whether nucleosomes are released during NEC in 
premature infants, we measured circulating levels of histone-DNA 
complexes in infants diagnosed with NEC. First, we compared the 
demographic characteristics between cases and controls. As shown 
in Figure 1A, there were no differences in GA, weight or gender be-
tween NEC cases and controls. Levels of circulating nucleosomes 
were significantly higher in NEC cases compared with controls 
(Figure 1B; P = 0.0012). Though not statistically significant, nucle-
osomes levels were higher in infants with the more severe NEC stage 
III than II (Supplemental Figure 2).

3.2 | Presence of neutrophil extracellular traps in 
human NEC ileum

Given the elevated levels of circulating nucleosomes present 
in human preterm NEC, we sought to determine whether NET 

formation occurs in the ileum of preterm neonates with NEC. We 
performed immunofluorescent staining on ileal samples from infants 
with severe NEC versus controls (healthy margins of small intestine 
from infants less than one-month-old undergoing surgery for intes-
tinal atresia). NET formation was identified by the co-localization 
of NE, a marker for neutrophil activation30 and H4Cit3 as a marker 
for NET release.31,32 Figure 2 illustrates abundant NET formation in 
NEC samples. No H4Cit3 or NE staining was detected in sections 
from controls.

3.3 | NET inhibition in DK NEC model is associated 
with increased mortality and bacteraemia

NEC was induced using a modified dithizone/Klebsiella (DK) NEC-
like model. This model is characterized by an intestinal dysbiosis phe-
notype that is similar to that of human infants who develop NEC.33 
Intraperitoneal (i.p.) treatment with the NET inhibitor, Cl-amidine (40 
mg/kg), was given at 30 minutes before, and 3 hours after, bacterial 
gavage. Animals were monitored for a total of 10-hours post-bacte-
rial gavage for signs of distress and survival.

Double immunofluorescence staining performed on mouse ileal 
samples identified NET formation by co-localizing MPO and H4Cit3. 
NET formation was abundant in the small intestine of pups in the 
NEC group. As expected, no H4Cit3 or MPO staining was detected 
in sections from shams, whereas pups in the NEC + Cl-amidine group 
had only MPO-positive cells with no evidence of H4Cit3 stain-
ing (Figure  3A,B). Next, we determined the effect of Cl-amidine 
on circulating nucleosomes and found significantly elevated levels 
in NEC pups versus sham (P  =  0.0455); however, nucleosome lev-
els in NEC + Cl-amidine pups did not differ significantly from NEC 
pups (Figure  3C), indicating that circulating nucleosomes in NEC 
originates not only from NETs but also from tissue injury. Plasma 
MPO levels were also significantly higher in both NEC groups com-
pared with shams: P = 0.0004 for NEC, and P = 0.0249 for NEC + Cl-
amidine. There was no significant reduction in MPO levels in 
NEC + Cl-amidine pups compared with NEC pups alone (Figure 3D; 
P = 0.0781).

Surprisingly, Cl-amidine treatment almost doubled the mortality 
in pups exposed to DK-induced NEC, as shown by the Kaplan–Meier 
survival curve (Figure 4A): 94.7% mortality in NEC + Cl-amidine group 
compared with 47.6% mortality in NEC alone (P < 0.0001). All shams 
survived until the experimental endpoint, showing no signs of NEC. 
Furthermore, increased pup mortality in the NEC + Cl-amidine group 
does not correlate with increased intestinal injury, as the incidence 
(76.9% vs 77.8%, NEC + Cl-amidine vs NEC) and the histological intes-
tinal injury scoring did not differ between NEC and NEC + Cl-amidine 
groups (Figure 4B,C). H&E examination of the ileal section in the sham 
group showed healthy villi and submucosal structure. In contrast, sec-
tions from both the NEC and the NEC + Cl-amidine groups showed 
moderate-to-severe injury with mid-villous damage.

As NET formation is an integral component of innate immunity 
via bacterial clearance,34 we postulated that NET inhibition in the 

F I G U R E  1   A, Demographic data from preterm infants who 
developed NEC stage > II according to modified Bell's criteria, 
compared with control. B, Circulating nucleosome levels in human 
premature NEC cases compared with controls. Values denote 
mean ± SEM by unpaired t test. ***P < 0.01. NEC, necrotizing 
enterocolitis

http://www.graphpad.com
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model results in increased bacterial translocation. We, therefore, 
set up a separate experiment where mice pups’ blood culture was 
collected after Klebsiella gavage. First, we examined the bacterial 
load in mouse peripheral blood in the NEC group at 1-, 3-, 6-, and 
10-hours post-bacterial gavage. Notably, bacteraemia was signifi-
cantly higher at 1 hour post-gavage, followed by the 3-hours time 
point and completely cleared from the peripheral blood at the 6- and 
10-hours post-gavage time points (Supplemental Figure 3A). This 
was in parallel with the elevated nucleosome levels, specifically at 
the 1- and 3-hours time point (Supplemental Figure 3B). Next, we 
compared the CFU/mL in the blood at the 1-hour time point in both 
the NEC and NEC + Cl-amidine group. Bacteraemia was significantly 
higher in the NEC + Cl-amidine pups than in NEC alone (Figure 4D; 
P = 0.0074). These data suggest that Cl-amidine-associated NET in-
hibition appears to lead to a defect in bacterial clearance, eventually 
leading to bacteraemia and significantly increased mortality in NEC 
pups.

3.4 | Effects of NET inhibition on leucocytes, 
platelets, systemic inflammation and organ function

To further characterize the effects of Cl-amidine treatment and NET 
inhibition on the DK-induced NEC model, we investigated changes 
in leucocytes, platelets, organ function and cytokine levels. As ex-
pected, total white blood cells (WBC) and neutrophils decreased 
significantly in pups subjected to NEC compared with shams, 
whereas platelets trended slightly lower in NEC pups (Figure 5A-C; 

P = 0.0037 for WBC; P = 0.009 for neutrophils; P = 0.2643 for plate-
lets). Levels of WBC, neutrophils and platelets did not differ sig-
nificantly between NEC and NEC + Cl-amidine pups (Figure 5A-C). 
The significant reduction in WBC and neutrophil counts, and trend 
towards lower platelets among NEC pups likely indicates a massive 
infiltration of these cells from the systemic circulation into affected 
tissues.35 These data also indicate that, whereas Cl-amidine treat-
ment may have altered the functionality of neutrophils, in particular, 
the total quantities or percentages of these blood cells were not al-
tered by NET inhibition.

As a disease characterized by hyperinflammation, NEC is com-
monly associated with elevated proinflammatory cytokine levels. As 
most mouse pups do not survive the NEC challenge, we measured 
systemic cytokines at 3-hours time point after bacterial gavage. 
Mous pups in the NEC group had a slight but not statistically sig-
nificant increase in some of the proinflammatory cytokines, likely 
because of the timing of collection. In mouse pups subjected to the 
DK NEC model, Cl-amidine treatment induced a shift of the cyto-
kine profile towards increased inflammation (Figure  5D-H). Levels 
of TNF, IL-6, GRO-α, IL-1β and IFNγ trended upwards in NEC pups 
compared with shams and, with the exception of IL-6, were signifi-
cantly increased in NEC  +  Cl-amidine pups compared with shams 
(P = 0.0317 for TNF; P = 0.0333 for GRO-α; P = 0.0029 for IL-1β; 
P = 0.0442 for IFNγ). Additionally, IL-1β levels were significantly el-
evated in NEC + Cl-amidine compared with NEC pups (Figure 5G; 
P = 0.0161). Furthermore, NET inhibition in the model was associ-
ated with increased levels of blood urea nitrogen (BUN), creatinine 
and alanine transaminase (ALT) (Supplemental Figure 4A-C). NET 

F I G U R E  2   Double immunofluorescence and confocal microscopy of human premature NEC ileum with anti-citrullinated histone H4 Cit3 
(H4Cit3; Cy3, red) and anti-neutrophil elastase (NE; FITC, green) IgGs. Blue, DAPI for nuclear staining. Bar, 50 µm
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F I G U R E  3   A, Double immunofluorescence and confocal microscopy of NEC ileum from mouse pups with anti-citrullinated histone H4 
Cit3 (H4Cit3; Cy3, red) and anti-myeloperoxidase (MPO; FITC, green) IgGs. Blue, DAPI for nuclear staining. Bar, 50 µm. B, Fluorescence 
intensity for FITC (MPO) and Cy3 (H4Cit3) was measured for each group using ImageJ software (NIH—Bethesda, USA). **P < 0.01, 
**P < 0.001, ***P < 0.0001. C, Plasma nucleosome levels in mouse shams, NEC and NEC + Cl-amidine pups after 1 hour post-gavage. 
*P < 0.05. D, Plasma MPO levels in mouse NEC, NEC + Cl-amidine and sham pups. ***P < 0.001, ns, P > .05. Values denote mean ± SEM by 
one-way ANOVA. AU, absorbance units; NEC, necrotizing enterocolitis

F I G U R E  4   A, Cl-amidine-mediated 
inhibition of NET production during 
murine NEC drastically reduces pup 
survival. ****P < 0.0001. B, Representative 
haematoxylin and eosin staining in 
the ileum of mouse pups from sham, 
NEC and NEC + Cl-amidine groups. C, 
Histological intestinal injury scores for 
pups undergoing NEC. *P < 0.05. Bar, 50 
µm. D, Bacterial counts in mouse pups 
1 hour post-gavage. **P < 0.01. Values 
denote mean ± SEM by Student's t test or 
one-way ANOVA with Turkey's multi-
comparison test. CFU, colony-forming 
units; NEC, necrotizing enterocolitis
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inhibition appears to further systemic inflammation and organ injury 
in murine NEC, likely because of increased bacteraemia.

4  | DISCUSSION

In this study, we demonstrate that neutrophil activation and NET 
formation occur in both human and mouse NEC tissues. These data, 
and those of others,10-12 indicate that NETs, and by association circu-
lating nucleosomes,24,36 potentially play a role in the pathogenesis of 
NEC, given their enhanced presence during both human and mouse 
disease.

Neutrophils are a critical component of the innate immune sys-
tem. These cells eradicate a variety of pathogens through reactive 

oxygen species bursts, degranulated antimicrobial peptides and 
enzymes, and the formation and release of NETs.9 During intestinal 
inflammation, and NEC in particular, neutrophils play an important 
role in the disease process. Following a disturbance in intestinal ho-
meostasis, neutrophils are rapidly recruited from the blood to the 
lamina propria via chemokine production.9 Once present in the in-
testine, neutrophils attack translocating pathogens, often resulting 
in further tissue inflammation and damage.37 However, despite the 
collateral damage enacted by neutrophils, these cells appear to be 
so critical to the innate defence, and later for the resolution of tissue 
damage,21 that their eradication often leads to worsened outcome. In 
mice infected with Staphylococcus aureus, neutrophil depletion leads 
to decreased bacterial clearance, increased cytokine release and 
lower survival.38 Neutrophil eradication in rats and mice subjected 

F I G U R E  5   Leucocyte (A, total white 
blood cells [WBC], and B, neutrophils) 
and platelet (C) numbers in mouse pups 
subjected to NEC. Biological replicates, 
n ≥ 4. Values denote mean ± SEM by one-
way ANOVA **P < 0.01, ns, P > .05. D to 
H, Plasma cytokine levels in mouse pups 
subjected to NEC. Biological replicates, 
n ≥ 6. Values denote mean ± SEM by 
one-way ANOVA. *P < 0.05, **P < 0.01, 
ns, P > 0.05. IL, interleukin; IFNγ, 
interferon gamma; K/µL, thousands per 
cubic millilitre; GRO-α, growth-regulated 
oncogene; NEC, necrotizing enterocolitis; 
PMN, polymorphonuclear neutrophils; 
TNF, tumour necrosis factor; WBC, white 
blood cells
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to colitis results in increased intestinal bacterial translocation in 
the intestine and further disease progression.39 In murine NEC, de-
pletion of neutrophils worsens the intestinal injury via decreased 
bacterial clearance, resulting in significantly decreased survival.5 
Finally, preterm human infants with early-onset neutropenia are at 
increased risk of developing NEC.40 Rather than deplete neutrophils 
entirely, we sought to determine the effects of inhibiting just one of 
the proinflammatory components of neutrophil defence, namely the 
production of NETs. However, data implicating the degree to which 
NETs either inhibit or exacerbate the disease progression are con-
troversial. In the caecal ligation and puncture (CLP) mouse model of 
abdominal sepsis, NET formation drives pulmonary neutrophil infil-
tration and tissue injury, largely through an up-regulation of inflam-
matory cytokines. In a dual-hit model of haemorrhagic shock and 
sepsis in mice, NET formation in wild-type mice is associated with 
increased end-organ damage and mortality compared to mice with 
a deficiency in NET production.41 Mice with deficient NET produc-
tion subjected to CLP sepsis are partially protected from shock, but 
do not succumb to increased levels of bacteraemia, suggesting the 
formation of NETs may significantly drive disease progression in sep-
sis.42 On the other hand, NETs proved indispensable in preventing 
systemic infection by circulating bacteria during severe murine sep-
sis, despite the complication of collateral hepatic tissue damage.43 
NET depletion via DNAse administration in a mouse CLP model sig-
nificantly increased susceptibility to polymicrobial sepsis because of 
enhanced systemic bacterial dissemination.34

Cl-amidine, a pan-PAD inhibitor, effectively inhibits NET for-
mation in neutrophils, both in vitro and in vivo.44 PAD inhibition 
through Cl-amidine treatment ameliorates endothelial, kidney and 
epithelial damage in mice suffering from lupus.44 In a mouse model 
of colitis, clinical symptoms of the disease were reduced with both 
prophylactic and post-onset treatment with Cl-amidine, potentially 
driven by increased apoptosis of inflammatory leucocytes and epi-
thelial cells.28 When administered in a mouse model of CLP-induced 
sepsis, Cl-amidine treatment prevented mortality27 through a broad 
range of effects on systemic immunity, including reduced proin-
flammatory cytokine release.45 Finally, in an LPS/formula-feeding/
hypoxia mouse model of NEC, Cl-amidine treatment reduced tissue 
inflammation and damage and increased survival.10

We aimed to elucidate the effects of inhibiting the production of 
NETs in the presence of bacteraemia during disease progression by 
administering Cl-amidine in a different murine model of NEC, the DK 
model.26 We found that plasma nucleosomes in pups treated with 
Cl-amidine trend towards lower levels, but not significantly, which 
indicates that circulating nucleosomes may originate from non-NET-
related sources, such as tissue injury.42 Whereas treatment with Cl-
amidine in the DK mouse model of NEC has no significant effect 
on circulating neutrophils, platelets or total WBC count in compar-
ison to NEC pups, NET inhibition resulted in systemic inflammation 
through an up-regulation of proinflammatory cytokine production. 
Importantly, inhibition of NET formation did not lower intestinal in-
jury scores, but resulted in bacteraemia and significantly hastened 
mortality compared with NEC pups. Altogether, our data indicate 

that the formation of NETs during NEC reduces intestinal bacterial 
translocation and lessens systemic inflammation in the DK mouse 
model. We suggest that the reduction of NETs in this setting of mu-
rine experimental NEC could worsen the consequences of systemic 
bacterial propagation and lead to rapid disease progression and en-
hanced mortality.

The formation of NETs may represent the epitome of a physiolog-
ical trade-off. This is particularly evident in sepsis, a highly complex 
disease consisting of both hyperinflammatory and compensatory 
anti-inflammatory periods.18 Studies in sepsis, thus far, indicate that 
NET formation may be integral and protective in early stages in the 
prevention of systemic bacterial infection,34 but potentially overly 
proinflammatory and a significant cause of thrombosis, organ dam-
age and secondary infection in later stages of the disease.46 We be-
lieve, based on our data, that NETs in NEC may dictate a very similar 
pattern: NEC-induced NETs may be pivotal in early stages of the dis-
ease in preventing bacteraemia, but potentially detrimental in later 
stages when the scale has tipped towards massive tissue destruction 
through the accumulation of hyperinflammatory processes. In the 
DK mouse model of NEC, our data demonstrate that NET-producing 
neutrophils are critical to the clearance of bacteria. Additionally, 
the loss of NET functionality appears to lead to increased systemic 
inflammation via up-regulated proinflammatory cytokine produc-
tion, eventually leading to bacteraemia and significantly decreased 
survival. This is consistent with the study reported by Saha et al,47 
where NET inhibition, genetically or chemically using Cl-amidine, 
in Citrobacter rodentium intestinal infection model, was associated 
with worsening pathology, decreased bacterial clearance, increased 
inflammation and increased dissemination. Taken together, our find-
ings highlight the critical role of NETs in protecting intestinal pathol-
ogies associated with bacterial infection.

Our study is subject to several limitations. Because of the 
multi-factorial nature of NEC, a variety of animal models are utilized 
to model NEC pathogenesis, each focusing on a unique aspect or 
suite of factors thought to contribute strongly to the human dis-
ease.48 Despite their differences, they all result in the characteristic 
histopathological features seen in human NEC: mucosal oedema, 
epithelial sloughing and villous atrophy.49 We studied NET inhibition 
utilizing the DK model of murine NEC to determine its effects on 
bacteria-induced intestinal damage. This model utilizes disruption of 
the physiologically relevant Paneth cells followed by enteral gavage 
of live Klebsiella pneumoniae in 14-day-old mice.26 This model offers 
the advantage of timing that most closely mimics the human intesti-
nal tract,50 and is highly relevant as infants who develop NEC have 
significantly lower Paneth cells and a similar bacterial dysbiosis pat-
tern before NEC development.33,51-53 Whereas no single organism 
is causative of NEC, studies suggest that alterations of the intesti-
nal microbiota are either directly responsible or are associated with 
NEC development.53 Infants who develop NEC often have positive 
bacterial cultures from their peripheral blood or peritoneum.54 Also, 
the classic radiologic sign of pneumatosis intestinalis (intramural 
gas found in the intestinal wall) is suggested to occur after bacterial 
translocation across the epithelial barrier.54 Others10 have studied 
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aspects of NET formations in a murine NEC model dependent upon 
formula feeding, LPS administration and periods of hypoxia. The 
strikingly different outcome of NET inhibition in these studies is 
likely derived from the use of distinct animal models, each contrib-
uting significant differences in time to disease development, age and 
developmental status of the animals, physiological mechanism(s) of 
disease development, live (and replicating) bacteria compared with 
static and Gram-negative bacterial cell wall components. Whereas 
it is accepted that NETs play a role in the disease process, future 
studies using additional animal models are still needed to reach a 
consensus on important aspects of NET release and NET inhibition 
in the setting of NEC.

Additionally, the circulating nucleosomes identified and mea-
sured in our studies may represent a pool of histone-DNA com-
plexes contributed from a variety of sources, which could include 
both NETs17 and cells dying of other means.25,42 Circulating nucle-
osome levels were significantly increased in both human neonatal 
and mouse NEC samples compared with controls, in accordance 
with both the analogous disease sepsis, denoting increased nucleo-
some levels55,56 and increased cell-free DNA described for NEC.10,12 
Regardless of the source, circulating nucleosomes potentially in-
volved in the pathogenesis of NEC could represent a valuable bio-
marker of inflammation and infection.57

It is known that mice exhibit a smaller percentage of leucocytes 
as neutrophils compared to humans.58 Mouse neutrophils are fur-
ther hampered by the inability to produce defensins, a strategy 
commonly employed by human neutrophils.59 Despite these po-
tential hurdles, Cl-amidine is effective in inhibiting NET formation 
by neutrophils.10,60 This information together with the profound ef-
fect that Cl-amidine treatment had on bacteraemia in our DK NEC 
mouse model and led us to believe that the role of neutrophil-de-
rived NETs in the innate defence may be even more important than 
previously realized. Further hindering the functionality of an al-
ready comparatively small percentage of neutrophils, lacking in the 
ability to produce defensins, may explain the phenotype induced 
by Cl-amidine treatment in the DK mouse model of NEC. As human 
neonatal neutrophils are also characterized by reduced functional-
ity, eliminating a critical component of the innate immune defence, 
namely NET formation, may prove to have dire consequences.

In conclusion, our study highlights the importance of neutro-
phil-mediated NET formation in the protection against systemic 
bacterial dissemination during NEC. NEC mortality was increased 
following NET inhibition via Cl-amidine administration, likely 
through bacteraemia. The effects of NET formation may be disease- 
and model-specific, and in NEC, they depend largely upon the level 
of intestinal bacterial translocation. NETs appear to play an integral 
role in innate defence, and given the already fragile state of the 
preterm neonatal immune system, hindering a primary mechanism 
of bacterial clearance may not represent an effective approach to 
combating the disease.
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