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Abstract
Introduction. Necrotizing enterocolitis (NEC) is a life-threaten-

ing condition that afflicts neonates. Breastfeeding has demonstrated 
to play a protective role against it. By administering lipopolysac-
charides (LPS) orally in newborn rats (NBR), we have developed an 
experimental model to induce NEC-like gut damage. Our aim was 
to assess the macroscopic and microscopic appearance of the gut, to 
evaluate the presence of NEC and study the role of breast milk (BM).

Material and methods. NBR were divided into 3 groups: Group 
A (control, n= 10) remained with the mother, group B (LPS, n= 25) 
was isolated after birth, gavage-fed with special rat formula and oral 
LPS, then submitted to stress (hypoxia after gavage) and group c 
(BM, n= 12) was breastfed once after birth, then isolated, and sub-
mitted to stress like group B. On day 4, NBR were sacrificed, and 
intestine was harvested and assessed.

Results. In the control group NEC was not present either mac-
roscopically or histologically. Both groups submitted to stress (B 
and C) presented a global incidence of NEC of 73%. Most of group 
B developed histologic signs of NEC (85%) and group C showed 
a statistically lower incidence of NEC (50%, p= 0.04), playing the 
BM a protective role against NEC (OR= 0.19; 95% CI: 0.40- 0.904)

Conclusion. Our model showed a significant incidence of NEC 
in NBR (73%) with the same protective role of BM as in newborn 
humans, achieving a reliable and reproducible experimental NEC 
model. This will allow us to investigate new potential therapeutic 
targets for a devastating disease that currently lacks treatment.

Key Words: Enterocolitis, necrotizing; Animal experimentation; 
Animals, newborn; Breastfeeding.

Enterocolitis necrotizante experimental con 
lipopolisacárido oral y función protectora de la 

leche materna

Resumen
Introducción. La enterocolitis necrotizante (ECN) es una en-

fermedad potencialmente mortal que afecta a los neonatos, y frente 
a la que la leche materna ha demostrado tener un papel protector. 

Administrando lipopolisacáridos (LPS) por vía oral en ratas recién 
nacidas (RRN), hemos desarrollado un modelo experimental para 
inducir un daño intestinal similar al que provoca la ECN con objeto 
de evaluar el aspecto macroscópico y microscópico del intestino, y 
de ese modo, analizar la presencia de ECN y estudiar el papel que 
desempeña la leche materna (LM).

Material y métodos. Las RRN se dividieron en tres grupos: 
el grupo A (control, n= 10) permaneció con su madre; el grupo B 
(LPS, n= 25) fue aislado tras el nacimiento, alimentado por sonda 
con una fórmula especial para ratas y LPS oral, y sometido a estrés 
(hipoxia tras sonda); y el grupo C (LM, n= 12) fue alimentado con 
leche materna tras el nacimiento y posteriormente aislado y sometido 
a estrés al igual que el grupo B. El día 4 se sacrificó a las RRN y se 
recuperaron sus intestinos para su posterior evaluación.

Resultados. En el grupo de control, no se observó ECN ni 
macroscópica ni histológicamente, mientras que los dos grupos 
sometidos a estrés (B y C) presentaron una incidencia global de la 
ECN del 73%. La mayoría de los sujetos del grupo B desarrollaron 
signos histológicos de ECN (85%), y los del grupo C registraron 
una incidencia de la ECN estadísticamente menor (50%, p= 0,04), 
lo que significa que la LM desempeña una función protectora frente 
a la ECN (OR= 0,19; IC 95%: 0,40-0,904).

Conclusión. Nuestro modelo reveló una incidencia significa-
tiva de la ECN en RRN (73%), desempeñando la LM la misma 
función protectora que en el caso de los humanos recién nacidos, 
lo que significa que este modelo experimental de ECN es fiable y 
reproducible. Gracias a dicho logro, podremos investigar nuevos y 
potenciales objetivos terapéuticos para una peligrosa enfermedad 
que, a día de hoy, carece de tratamiento.

Palabras Clave: Enterocolitis necrotizante; Experimentación ani-
mal; Animales; Recién nacido; Leche materna.

INTRODUCTION

Necrotizing enterocolitis (NEC) is a common life- 
threatening condition that usually afflicts neonates born 
prematurely and weighing less than 1,500 g(1,2). It can have 
clinically significant long- and short-term consequences, 
with high mortality rates ranging from 15% to 30%(3).

With the current lines of treatment (bowel rest, iv 
broad-spectrum antibiotics, surgery), the evolution of the 
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disease remains uncertain most of the time. Therefore, 
the prevention of such challenging disease is a key ele-
ment. Breastfeeding has demonstrated to play a protective 
role against NEC, thanks to the human milk that provides 
oligosaccharides, mucosal immune components, lowers 
the gastric pH, increases motility, and decreases epithelial 
permeability. Hence, the use of human milk (even donor 
human milk) is nowadays supported and recommended for 
several international pediatrics guidelines as first option as 
enteral nutrition for newborn babies, especially for those 
born prematurely and with low birth weight(4-6).

To understand the pathophysiology and to look for new 
pathways than can lead us to find new therapeutic targets, 
the development of valid experimental models can be a 
productive tool(7,8). 

Several models have been designed to replicate the 
NEC occurred in newborn babies, one of them using new-
born rats (NBR)(9-13). Within this model, the utilization of 
hypoxia and hyperosmolar formulas lead to an ischemic 
situation, where a NEC-like gut damage can be seen(14). 
However, the reproducibility of this disease using these 
model still varies among different studies, with a prev-
alence ranging from 35% to 71%(9,10). To overcome this 
problem and reduce the variability, oral lipopolysaccharide 
(LPS) has been used to increase the incidence of NEC and 
its severity(2,9). It also mimics the bacterial load that occurs 
in human babies affected with NEC(15).

In our experience, the use of hypoxia and hyperosmo-
lar formulas themselves have not been enough to develop 
NEC in NBR. Therefore, the study aimed to: evaluate the 
efficacy of the oral LPS, in addition to the hypoxia and 
hyperosmolar formula, to induce NEC-like gut damage by 
evaluating the macroscopic (dilation, pneumatosis, necro-
sis…) and microscopic appearance of the gut, and assess 
the role of the breast milk in NBR submitted to stress with 
a NEC-like gut damage.

MATERIAL AND METHODS

The experimental protocol followed the ethical guide-
lines for research in animal science (ARRIVE guidelines 
and European regulations: Directive 2010/63/EU). The 
Institutional Animal Care and Use Committee of Hospital 
Clínico San Carlos approved the project (#280790000088; 
PROEX 196.4/21; CEEA 21/0 04-III).

Wistar NBR were delivered on term, immediately after 
birth, the neonates were weighed and assigned into one of 
the 3 groups: group A (control, n= 10) where NBR left with 
their mother to be breast-fed ad libitum, and not submitted 
to stress. Group B (LPS, n= 25), NBR were isolated just 
after birth from their breeding mother and NEC-like gut 
damage was induced by gavage feeding with special rat 
formula, followed of 10 minutes of hypoxia (5% O2, 95% 
N2) every 6 hours. Oral LPS was added to the first intake 

on day 1 and day 2, mixed with the formula, and finally 
group C (BM, n= 12) where NBR were left with their 
breeding mother to be breast-fed once after birth, so the 
first oral intake would be breast milk. Afterwards, they 
were set apart from their mother and NEC was induced in 
a similar fashion to those in group B.

NBR were gavage fed using a 2-Fr silicon catheter 
four times a day with special rat milk substitute prepared 
with 10 ml of human milk formula 60:40 (Blemil plus 1®, 
60:40 ratio of whey to casein) in 30 ml of Esbilac® dog 
supplement, as described by Barlow et al.(17). On the first 
and the second day of life, 4 mg/kg/day of oral LPS (lipo-
polysaccharide from Escherichia coli, 0127: B8-Bioxtra 
–1 mg/ml–) were given mixed with the formula feeding, 
to both groups LPS and BM.

The groups submitted to stress (LPS and BM) were 
exposed for 10 minutes after each feeding to systemic 
hypoxic stress, from breathing a gas mixture of 5% O2 and 
95% N2 as described by Nadler et al.(16). The fraction of 
inspired oxygen was monitored using an oxygen monitor.

NBR isolated from their mother remained in an incu-
bator provided with an adequate space for enrichment and 
with a controlled thermometer temperature of 30°C(18).

Every six hours, rats in group B and C were checked 
before gavage feeding using a scoring system based on 
physical examination (skin aspect, weight…) and behavior 
to verify their welfare (Table 1), following the severity 
assessment framework of the European union(19). If the 
NBR get a score higher than 2, a closer and detailed exam-
ination is needed, and finally if the score is higher than 5 
the animal will be sacrificed, to avoid any suffering or pain.

All NBR (Group A, B and C) were sacrificed on day 4, 
except for those that died or were sacrificed from NEC-re-
lated signs before endpoint. Immediately after sacrifice, 
the gastrointestinal tract was harvest and visually evaluated 
for typical signs of NEC. A macroscopic assessment of 
the small bowel and colon was performed using a scoring 
system based on the color of the gut, the degree of dila-
tion and the consistency of the bowel, as suggested and 
validated by Zani et al.(9) (Table 2).

For the microscopic evaluation, the whole gut was fixed 
in formaldehyde for 3 days and the tissue was processed by 
dehydration until it was embedded in paraffin. Histologi-
cal sections were made with a microtome (Leica Biosys-
tems, Nussloch, Germany) at 4 microns and stained with 
haematoxylin – eosin. Then, the modified scoring system 
from Nadler et al.(9,16) was used to classify the histological 
damage (as seen on figure 1).

The data was analyzed using IBM SpSS Statistics 
V.29.0. The macroscopic appearance among groups was 
compared using a Mann-Whitney test. Groups B and C 
were compared for the presence of NEC using Fisher’s 
exact test. In addition, the Odds ratio was calculated to 
evaluate if the breastmilk works as a protective factor 
against NEC, such as it does in human neonates.
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RESULTS

Regarding clinical situation, NBR in groups LPS and 
BM began exhibiting symptoms and signs of NEC at 48 
hours, such as pale color, dehydration, and abdominal dis-
tension. Both groups submitted to stress exhibited a global 
mortality rate of 89%. The mortality rate in group LPS was 

Table 1. Clinical sickness score for the assessment of 
neonatal rat clinical status.

Appearance

0 = Tonic and well-hydrated
1 = Slimmer, but still tonic and hydrated
2 = Skinny, floppy and dehydrated
3 = Gasping and in agony

Natural activity

0 = Moving normally
1 = Able to wriggle if put supine
2 = Not able to wriggle if put supine
3 = Not moving limbs and lying still

Response to touch

0 = Alert
1 = Responding to mid stimulation
2 = Responding to vigorous stimulation
3 = Unresponsive notwithstanding vigorous stimulation

Body color

0 = Pink
1 = Pale (just the extremities)
2 = Pale (whole body)
3 = Grey

Table 2. Scoring system for macroscopic gut assessment 
validated by Zani et al.9. 

Gut consistency

0 = normal
1 = moderately friable
2 = extremely friable (jelly like)

Gut colour

0 = normal
1 = patchy discoloration
2 = extensive discoloration

Gut dilatation

0 = no dilatation
1 = patchy dilatation
2 = extensive dilatation

Figure 1. Histological 
findings of the small 
bowel in NBR according 
to Nadler score(16), being 
diagnosis of NEC a grade 
≥ 2 (Hematoxilin & Eosin 
staining): A) Grade 0-1: 
normal intestine, disar-
rangement of enterocyte 
villi can be seen, B) grade 
2: disarrangement of vil-
lus enterocytes and severe 
villus core separation, C) 
grade 3: epithelial slough-
ing of the villi, D) grade 
4: bowel necrosis/perfo-
ration.

A

C

B

D
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92%, including NBR that were euthanized and those who 
had died before the last intake on day 4. In group BM, the 
mortality rate was approximately 83%, which was lower 
than that of group LPS, but not statistically significant.

Macroscopically, in the group control there were no 
signs of bowel damage. Within the LPS group, 72% exhib-
ited changes in bowel appearance, consistency, and dilation 
(score ≥ 3). The group BM presented less macroscopic 
damage (58%,score < 3), and the observed differences were 
statistically significant (p= 0.002). The LPS group had the 
most macroscopic findings which could be associated with 
the development of NEC.

Upon histological examination, the group control 
showed no changes or abnormalities in intestinal histol-
ogy, except for one specimen that showed grade 1 in both 
the small and large intestine. However, in both groups 
subjected to stress (group LPS and BM), we found a global 
incidence of NEC (graded as 2 or higher) of 72.9%. Most 
of the lesions were found in the small bowel, but signs of 
NEC were also present in the colon and rectum.

Comparing the results of the LPS and BM groups, the 
incidence of NEC was significantly lower in the breast-
feeding group (p= 0.04), and breastmilk acted as a protec-
tive factor (OR= 0.19; 95% CI: 0.40-0.904) against NEC 
(Table 3).

DISCUSSION

An initial insult such as hypoxia result in mild mucosal 
damage with the subsequent variation in mucosal perme-
ability. This increased permeability is thought to be a key 
factor in the development of NEC, as it allows for bacte-

rial translocation, the recruitment of polymorphonuclear 
leukocytes, and subsequent tissue damage.

Several models of experimental NEC have been devel-
oped using hypoxia, special rat formula, or both(16), result-
ing in an incidence of NEC-like gut damage varying from 
35-71%. However, our group has not been able to replicate 
these models and has observed a variable and much lower 
incidence of NEC. The lack of consistency has not allowed 
us to publish any of the observed results until now.

To increase the incidence and severity of experimental 
NEC, some authors(2) have proposed adding lipopolysac-
charide to the enteral formula administered to the NBR (to 
simulate the bacterial load that occurs in neonates affected 
by NEC).

With this latest modification and performing a macro-
scopic assessment as presented by Zani et al.(9), we have 
accomplished a higher and severe incidence of NEC. 

The mortality rate associated with NEC was signifi-
cantly higher in the stress-exposed groups. Although the 
mortality rate was higher in the LPS group, no significant 
differences were found compared with the BM group, 
probably due to the small sample size. However, when 
macroscopic and microscopic data were analyzed, greater 
damage and a higher incidence of NEC-related damage 
were observed in the group receiving oral LPS. Thus, oral 
LPS acts as an enhancer, facilitating intestinal damage such 
as that seen in NEC.

NECis the perinatal acquired disease with the highest 
morbidity and mortality associated. Remotely affecting 
organs such as the brain and placing affected infants at 
a substantially increased risk of neurodevelopmental 
delays(20,21). Despite decades of research, the pathogenesis 
of this disease remains unclear, and prevention strategies 
are limited and not entirely successful. One key strategy 

Figure 2. Macroscopic findings using the validated score proposed 
by Zani et al.(9), assessing gut appearance, color and dilation (as seen 
on table 2): NBR in the group LPS had a significantly higher score 
compared to the group that received breastmilk.

Table 3. Microscopic findings among groups according 
to Nadler score(16): Group LPS showed a higher 
incidence and severe lesions of necrotizing 
enterocolitis (NEC).

Group A
(Control)

Group B
(LPS)

Group C
(BM)

NEC Grade 0 9 0 0

Grade 1 1 7 6

Grade 2 0 3 1

Grade 3 0 10 4

Grade 4 0 5 1

Total 10 25 12

p Value 0.001

0.04 (OR= 0.19)

0.001

p-value < 0.05 statistically significant.

Sc
or

e

Group A (control) Group B (LPS) Group C (BM)
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has been providing human milk feedings, both mother’s 
own milk and donor human milk, to preterm infants. 

The bioactive components in breastmilk work together 
to provide various levels of protection against NEC, 
including immunomodulatory, anti-infective, antioxidant, 
growth-promoting, and gut-colonizing effects(22-24).

Like human neonates, NBR have a relatively weak 
immune system. Part of its total supply of IgG is received 
through the yolk sac, the remainder must be absorbed 
intact from breast milk through the intestine. Thus, it is not 
surprising that breastfeeding provided protection against 
the development of NEC in NBR (even in such modest 
quantities).

New treatments proposed for NEC should be based on 
specific studies rather than extrapolations from effective 
treatments for older children or adults. This is due to the 
differences in pathophysiology and pharmacodynamics 
in neonates. Therefore, it is important to develop specific 
neonatal models to propose new therapeutic targets(25-27) 
for a disease that remains without a cure.

The combined use of oral LPS, hypoxia and a special 
rat formula allowed us to replicate an experimental model 
of NEC, with a significant incidence of 73%. This model 
seems to act in a very similar way to NEC in human neo-
nates, since BM also acts as a protective factor and reduces 
its incidence.

The development of this model will allow us to explore 
new therapeutic targets for a devastating disease where our 
only effective tool is prevention.
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