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Original Article

Risk factors for surgical intestinal disorders in VLBW infants:
Case–control study
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Abstract Background: Very low-birthweight (VLBW) infants (VLBWI) are at increased risk for surgical intestinal disorders includ-
ing necrotizing enterocolitis (NEC), focal intestinal perforation (FIP) and meconium-related ileus (MRI). The aim of this
study was to identify disease-specific risk factors for surgical intestinal disorders in VLBWI.
Methods: A retrospective multicenter case–control study was conducted at 11 institutes. We reviewed VLBWI who
underwent laparotomy for intestinal disorders including perforation and intractable bowel obstruction. The surgical disorders
were classified into four categories (NEC, FIP,MRI, others) based on the macroscopic findings at operation. In order to iden-
tify risk factors, twomatched controls for each subject were chosen based on gestational age and birthweight. OR and 95%CI
were calculated using a conditional logistic regression model and a multivariate model.
Results: A total of 150 cases (NEC, n = 44; FIP, n = 47; MRI, n = 42; others, n = 17) and 293 controls were identified.
The cases and controls were similar in terms of gestational age and birthweight (cases/controls, 26.7 ± 2.5/26.5 ± 2.6weeks;
790 ± 256/795 ± 257g). On multivariate modeling, disease-specific risk factors were as follows: female (OR, 0.23; 95%
CI: 0.06–0.89), respiratory distress syndrome (OR, 35.7; 95%CI: 2.48–514) and patent ductus arteriosus (OR, 10.9; 95%
CI: 1.51–79.3) for NEC; outborn delivery (OR, 5.47; 95%CI: 1.48–20.2) for FIP; and twin pregnancy (OR, 4.25; 95%CI:
1.06–17.1), PROM (OR, 6.85; 95%CI: 1.33–35.4) and maternal steroid (OR, 0.23; 95%CI: 0.07–0.79) for MRI.
Conclusions: Different risk factors were identified for NEC, FIP and MRI, suggesting that each disease has a different eti-
ology, and that different strategies are required to prevent these diseases.

Key words case–control study, focal intestinal perforation, meconium-related ileus, necrotizing enterocolitis, very low-birthweight.

Despite recent advancements in neonatal care, surgical intestinal
disorders remain the most devastating gastrointestinal diseases in
very low-birthweight (VLBW) infants. In addition to being associ-
ated with high mortality rate, survivors are left with significant
long-term morbidity.1,2 Therefore, prevention of the intestinal
complications is required to improve the overall outcome of
VLBW infants. There are several diseases that cause surgical
intestinal disorders without mechanical obstruction in VLBW
infants, including necrotizing enterocolitis (NEC), focal intestinal
perforation (FIP) and meconium-related ileus (MRI).

Necrotizing enterocolitis is one of the most common and serious
intestinal disorders involving systemic inflammatory responses in
VLBW infants. Although previous numerous studies showed multi-
ple risk factors for NEC including immaturity of the intestine,
formula feeding andmicrobial colonization, the case fatality rate with
surgical intervention remains as high as 50%, and is highest for the
smallest infants.3,4 Therefore, risk factors for surgical NEC inVLBW
infants should be analyzed separately from medical and term NEC.

Focal intestinal perforation, characterized by the presence of focal
intestinal perforationwith no orminimal adjacent bowel inflammation,
has become an increasingly common intestinal disorder in VLBW
infants. While the pathogenesis of FIP is poorly understood, recent re-
search has confirmed FIP to be a separate disease entity from NEC
based on pathological findings5 and genome expression profiles.6

To date, several types of meconium obstruction in the absence
of cystic fibrosis in VLBW infants have been described. In 1999,
Kubota et al. proposed the term “meconium-related ileus” as a sin-
gle pathophysiologic entity with a wide spectrum of symptoms
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caused by meconium obstruction in the absence of cystic fibrosis.7

Although MRI responds to conservative management in most
cases, delayed identification leads to increased risk of intestinal
perforation. Thus, it is important to identify risk factors for the
severe type of MRI requiring surgery.

Prematurity and low birthweight are the consistently recorded
risk factors for the development of these diseases, but risk factors
for surgical intestinal disorders in VLBW infants have not been
well described. Because macroscopic findings of affected intestines
are important indicators in the definitive diagnosis of NEC, FIP and
MRI, the diseases should be categorized based on the operative
findings in order to analyze the etiology of each disease. Therefore,
the aim of this study was to identify disease-specific risk factors as-
sociated with surgical intestinal disorders in VLBW infants based
on definitive diagnosis at surgery.

Methods

A retrospective multicenter case–control study was conducted at 11
institutes in Japan. We reviewed VLBW infants who underwent
laparotomy for intestinal disorders including perforation and intrac-
table ileus between January 2003 and December 2012. In order to
detect risk factors other than prematurity and low birthweight,
two matched controls for every subject were chosen based on ges-
tational age (±1week) and birthweight (±50 g). The prenatal and
preoperative data for each infant and their mothers were collected
from the medical records. The data included disease category,
gestational age, birthweight, maternal factors (i.e. outborn delivery,
mode of delivery, multiple pregnancies, placental abruption, diabe-
tes, pregnancy hypertension, maternal smoking, chorioamnionitis,
premature rupture of membranes [PROM], maternal steroid treat-
ment) and patient factors (i.e. sex, Apgar score, small for gestational
age/appropriate for gestational age, umbilical artery catheter use,
respiratory distress syndrome [RDS], surfactant treatment, steroid
treatment, symptomatic patent ductus arteriosus [PDA],
transfusions, breast/formula feeding, and probiotics treatment).

Definition of surgical intestinal disorders

The surgical intestinal disorders observed in the VLBW infants
were classified into the following four categories based on the
operative findings.

Necrotizing enterocolitis is a condition of diffuse or segmental
necrotic injury to the mucosal and submucosal layers of the bowel
with systemic inflammatory responses. FIP is defined as an isolated

perforation of the bowel with no obvious inflammation in the adja-
cent site or the rest of the bowel.6 MRI is characterized by func-
tional ileus due to impaired meconium excretion not associated
with cystic fibrosis and is usually diagnosed when laparotomy for
intractable ileus indicates a microcolon or small-sized colon ex-
tending to the distal ileum with a dilated proximal ileum filled with
sticky meconium.7 The classification “others”was assigned to con-
ditions not belonging to any of the aforedescribed three categories.

Statistical analysis

Comparison of subject characteristics between the cases and con-
trols was done using chi-squared tests for categorical variables
andWilcoxon rank–sum test for continuous variables. Summarized
data for continuous variables are presented as mean ± SD. A condi-
tional logistic regression model was used to calculate OR and 95%
CI for surgical intestinal disorders. The trend of association was
assessed by assigning ordinal scores to each level within the cate-
gory. The following explanatory variables were used to construct
the multivariate models: (i) crude OR on univariate analysis; (ii)
an initial multivariate model involving variables with statistically
significant crude OR for both surgical intestinal disorders and at
least one disease; and (iii) a final multivariate model excluding var-
iables with no association with the diseases in the initial model.

In order to examine disease-specific risk factors, a stratified analy-
sis was conducted according to each disease (e.g. NEC, FIP andMRI).

All tests were two-sided, and P< 0.05 was regarded as statisti-
cally significant. All analyses were performed using the SAS
version 9.1.3 (SAS Institute, Cary, NC, USA).

Ethics

This study was performed after being approved by the ethics com-
mittee of Hyogo College ofMedicine (approval number: 1483) and
the independent ethics committees of 10 other participating institu-
tions: National Center for Child Health and Development, Kyushu
University, Nagoya University Hospital, Japanese Red Cross
Nagoya Daiichi Hospital, Anjyo-kousei Hospital, Osaka Medical
Center and Research Institute for Maternal and Child Health, Hyogo
Children’s Hospital, Shizuoka Children’s Hospital, Kanagawa
Children’s Hospital and Nihon University School of Medicine.

Results

A basic description of the study sample is provided in Table 1. A
total of 150 cases (NEC, n = 44; FIP, n = 47; MRI, n = 42; others,

Table 1 Disease categories in VLBW infants

Category Cases Controls

n Gestational
age (weeks)
Mean ± SD

Birthweight (g)
Mean ± SD

n Gestational
age (weeks)
Mean ± SD

Birthweight (g)
Mean ± SD

NEC 44 25.6 ± 1.9 750 ± 207 86 25.4 ± 1.9 745 ± 206
FIP 47 26.7 ± 2.3 811 ± 246 92 26.5 ± 2.3 818 ± 252
MRI 42 27.3 ± 2.9 756 ± 281 81 27.5 ± 3.0 771 ± 277
Others 17 27.1 ± 2.7 903 ± 297 34 27.8 ± 2.5 946 ± 275
Total 150 26.7 ± 2.5 790 ± 256 293 26.5 ± 2.6 795 ± 257

FIP, focal intestinal perforation; MRI, meconium-related ileus; NEC, necrotizing enterocolitis; VLBW very low-birthweight.
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n = 17) and 293 controls were identified. “Others” consisted of nine
cases ofmeconium peritonitis, three cases of torsion, one case of in-
vagination, one case of adhesion ileus, one case of internal hernia
and two cases of unclassified entities. The cases were similar to
the controls in terms of both gestational age and birthweight
(cases/controls gestational age, 26.7 ± 2.5/26.5 ± 2.6weeks;
birthweight, 790 ± 256/795 ± 257g).

Disease-specific risk factors

The investigated maternal and patient risk factors for surgical NEC
are listed in Table 2. The conditional logistic regression models in-
dicated that twin pregnancy (OR, 5.21; 95%CI: 1.68–16.2), RDS
(OR, 16.3; 95%CI: 2.09–128), surfactant treatment (OR, 11.6;
95%CI: 1.46–92.0) and PDA (OR, 2.33; 95%CI: 1.00–5.41) were
significantly associated with the development of surgical NEC. In
addition, female sex (OR, 0.40; 95%CI: 0.18–0.89) was a protective
factor. On multivariate modeling, female sex, RDS and PDA
remained significant risk factors associated with surgical NEC.

The investigated maternal and patient risk factors for FIP are
given in Table 3. Condition logistic regression modeling indicated
that outborn delivery (OR, 5.47; 95%CI: 1.48–20.2) was the only
significant risk factor associated with FIP.

The investigated maternal and patient risk factors for surgical
MRI are listed in Table 4. On conditional logistic regression model-
ing, PROM (OR, 3.10; 95%CI: 1.05–9.13) and surfactant treatment
(OR, 4.83; 95%CI: 1.01–23.1) were significant risk factors associ-
ated with surgical MRI. In contrast, maternal steroid treatment (OR,
0.38; 95%CI: 0.15–0.96) was identified to be protective. Multivar-
iate modeling showed that twin pregnancy, PROM, and maternal
steroid treatment remained significant factors associated with MRI.

The disease-specific risk factors identified on multivariate
modeling are listed in Table 5. The significant risk factors for each
disease were as follows: male sex, RDS and PDA for NEC; outborn
delivery for FIP; and twin pregnancy, PROM, and lack of maternal
steroid treatment for MRI, showing that the risk factors of each
disease were different.

Discussion

Although the macroscopic findings of NEC, FIP and MRI are
clearly different from each other, it is often difficult to make a de-
finitive diagnosis without laparotomy. For example, NEC without
pneumatosis or portal vein gas may be diagnosed as a form of
MRI with mild inflammation. Inaccurate diagnosis could nullify

Table 2 Maternal and patient risk factors for surgical NEC

Conditional logistic regression models

Cases Controls P OR (95%CI) P

n = 44 (%) n = 86 (%)

Twin pregnancy Single 30 (68) 77 (90) 1.00
Twin 14 (32) 8 (9) 5.21 (1.68–16.2) 0.004

Sex Male 32 (73) 44 (51) 0.018 1.00
Female 12 (27) 42 (49) 0.40 (0.18–0.89) 0.026

RDS No 2 (5) 22 (26) 0.003 1.00
Yes 42 (95) 63 (74) 16.3 (2.09–128) 0.008

Surfactant No 1 (2) 16 (19) 0.008 1.00
Yes 43 (98) 69 (81) 11.6 (1.46–92.0) 0.021

PDA No 19 (43) 51 (59) 0.081 1.00
Yes 25 (57) 35 (41) 2.33 (1.00–5.41) 0.050

Multivariate models
OR 95%CI P

Twin pregnancy 2.33 0.41–13.1 0.340
Maternal steroid 0.40 0.09–1.71 0.215
Sex (female) 0.23 0.06–0.89 0.033
RDS 35.7 2.48–514 0.009
PDA 10.9 1.51–79.3 0.018

Bold, P < 0.05. NEC, necrotizing enterocolitis; PDA, patent ductus arteriosus; RDS, respiratory distress syndrome.

Table 3 Maternal and patient risk factors for FIP

Conditional logistic regression models

Cases Controls P OR (95%CI) P

n = 47 (%) n = 92 (%)

Outborn delivery No 33 (70) 79 (86) 0.027 1.00
Yes 14 (30) 13 (14) 5.47 (1.48–20.2) 0.011

Bold, P < 0.05. FIP, focal intestinal perforation.
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precise analysis of the etiology of each disease. In the present study,
in order to avoid making an unclear or suspected diagnosis, we cat-
egorized the diseases based on the operative findings. Therefore,
infants who did not undergo laparotomy were excluded. Conse-
quently, the present incidence of surgical MRI was similar to that
of surgical NEC and FIP. This suggests that MRI should be recog-
nized as a major entity causing surgical intestinal disorder in
VLBW infants, as well as NEC and FIP.

In the present study male sex, RDS and PDA were associated
with the development of NEC. These results are consistent with
those of a recent large cohort study showing that RDS and PDA
are related to the onset of NEC.8 An epidemiologic study in the
USA has shown that the incidence of NEC increased after surfac-
tant use became a standard of care in the 1990s.9 This suggests that
RDS requiring surfactant replacement therapy is associated with
the development of NEC. In 2013, Wariki et al. showed that
PDA was the most significant risk factor for NEC based on an in-
ternational collaborative database of four Asian countries.10 Fur-
thermore, the Israel Neonatal Network reported that PDA is a
significant risk factor associated with the development of NEC in
VLBW infants.11 The present results and these previous findings
suggest that the reduced mesenteric blood perfusion due to PDA
may subsequently result in the development of NEC. In contrast,

we did not identify any relationships between the development of
NEC and previously reported risk factors, such as the use of red
blood cell transfusions,12,13 maternal cigarette smoking,14 placental
abruption15 and pre-eclampsia.16 The fact that the present study
was limited to surgical NEC among VLBW infants may account
for the differences between the present results and the findings of
former reports. Given that preterm neonates who required surgery
were smaller and sicker compared with those managed medically,
surgical NEC should be evaluated as distinct from non-surgical
NEC.17 Regarding preventive factors of NEC, many previous stud-
ies have shown that the use of antenatal glucocorticoids decreases
the incidence of NEC,18,19 In contrast, Guthrie et al. reported that
exposure to antenatal glucocorticoids was associated with an in-
creased risk for NEC using a national database of the USA.17 The
effect of antenatal glucocorticoids on the development of NEC
remains controversial. The present study did not show any associ-
ations between antenatal glucocorticoids use and NEC develop-
ment. In order to determine whether antenatal glucocorticoids
have a preventive effect on NEC, a prospective study based on a
unified treatment protocol of antenatal glucocorticoids is necessary.

In contrast to that observed for NEC, we identified only one risk
factor, “outborn delivery”, for FIP. The transfer of patients to partic-
ipating hospitals after the development of intestinal perforationmay
account for this result. Although some studies have shown that the
use of indomethacin for PDA closure is a significant independent
risk factor for FIP,20,21 other studies have identified postnatal use
of dexamethasone, but not indomethacin, as a significant risk factor
for FIP.22 In the present study we found no associations of dexa-
methasone or indomethacin with FIP. Differing protocols for the
dexamethasone and indomethacin therapy may account for the dif-
ferent results. Recently, there have been several reports indicating
that congenital or acquired defects in themuscular layer of the intes-
tine may be involved in the pathogenesis of FIP.6,23 This suggests
that FIP is due not only to acquired but also to congenital factors.

Regarding MRI, several risk factors including cesarean section,
maternal MgSO4 therapy and maternal diabetes have been identi-
fied, based on small cohorts.24,25 Most of these studies, however,
included both surgically and medically treated MRI, and both

Table 5 Multivariate risk factors for NEC, MRI and FIP

NEC FIP MRI

Outborn delivery ↑*
Maternal steroid ↓*
PROM ↑*
Twin pregnancy ↑*
Sex (female) ↓*
RDS ↑*
PDA ↑*

*P < 0.05. FIP, focal intestinal perforation; MRI, meconium-related
ileus; NEC, necrotizing enterocolitis; PDA, patent ductus arteriosus;
PROM, premature rupture of membranes; RDS, respiratory distress
syndrome.

Table 4 Maternal and patient risk factors for MRI

Conditional logistic regression models

Cases Controls P OR (95%CI) P

n = 42(%) n = 81(%)

PROM No 24 (60) 59 (74) 0.124 1.00
Yes 16 (40) 21 (26) 3.10 (1.05–9.13) 0.040

Maternal steroid No 25 (66) 38 (48) 0.063 1.00
Yes 13 (27) 42 (49) 0.38 (0.15–0.96) 0.042

Surfactant No 6 (14) 21 (26) 0.139 1.00
Yes 36 (86) 60 (74) 4.83 (1.01–23.1) 0.049

Multivariate models
OR 95%CI P

Twin pregnancy 4.25 1.06–17.1 0.042
PROM 6.85 1.33–35.4 0.022
Maternal steroid 0.23 0.07–0.79 0.019
Surfactant 17.7 0.94–333 0.055

Bold, P < 0.05. MRI, meconium-related ileus; PROM, premature rupture of membrane.
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mature and premature infants.26 According to the present data,
which were limited to surgical MRI in VLBW infants, twin preg-
nancy is significantly associated with the development ofMRI. Re-
cently, it has been reported that twin-to-twin transfusion syndrome
(TTTS) is associated with intestinal complications, including FIP
and NEC.27,28 Thus, it is likely that circulatory impairment caused
by TTTS is associated with postnatal intestinal dysmotility ob-
served inMRI. The present data also showed that PROM is another
risk factor for MRI. Siggers et al. reported that amniotic fluid has a
protective effect on the immature intestines.29 The lack of amniotic
fluid due to PROM may be associated with the development of
MRI. In contrast to these risk factors, maternal steroid treatment
was found to be protective. Many previous studies reported that
prenatal steroid therapy decreases the incidence of NEC by accele-
rating intestinal maturation.18,19 Given that it has also been reported
that immature bowel movement is crucial for the pathogenesis of
MRI,7 maternal steroid treatment may have a protective effect in
enhancing intestinal motility in VLBW infants. A prospective
study is required to clarify the effects of maternal steroid treatment
on the development of MRI in premature infants.

Limitations

One limitation of this study is the fact that matched controls were
chosen based on gestational age and birthweight. Because the com-
parison was made between age- and weight-matched groups, we
were unable to evaluate the effects of gestational age and
birthweight on the development of surgical intestinal disorders.
Another limitation was that non-surgical NEC and non-surgical
MRI were excluded. A prospective study based on unified diagnos-
tic criteria for both surgical and non-surgical diseases is thus
needed to identify risk factors for the entire spectrum of intestinal
disorders observed in VLBW infants.

In conclusion, we have herein identified different risk factors for
surgical NEC, FIP and MRI. The present results suggest that a dif-
ferent pathogenesis exists for each disease, thus indicating that dif-
ferent strategies are therefore needed for effective disease
prevention of surgical intestinal disorders in VLBW infants.
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Outcome in VLBW infants with surgical intestinal disorder at
18 months of corrected age
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Abstract Background: Surgical intestinal disorders, such as necrotizing enterocolitis (NEC), focal intestinal perforation (FIP),
and meconium-related ileus (MRI), are serious morbidities in very low-birthweight infants (VLBWI). The aim of this
study was to compare the composite outcomes of death or neurodevelopmental impairment (NDI) in VLBWI with
surgical intestinal disorders and assess independent risk factors for death and NDI at 18 months of corrected age.
Methods: A retrospective matched-cohort study was conducted at 11 institutes. We included VLBWI who had under-
gone laparotomy for NEC, FIP, and MRI. Two control subjects were chosen for every surgical patient and matched for
gestational age and birthweight to form the comparison group. Death and neurodevelopmental outcome at 18 months of
corrected age were evaluated.
Results: The number of infants in the NEC, FIP, MRI, and control groups was 44, 47, 42, and 261, respectively.
In-hospital mortality was higher in infants with NEC and MRI relative to those in the control group (P < 0.001). The
incidence rate for NDI at 18 months of corrected age was higher in infants with MRI relative to those in the control group
(P = 0.021). On logistic regression analysis, low gestational age, male sex, small for gestational age, intraventricular
hemorrhage, and MRI were associated with increased risk of death or NDI at 18 months of corrected age.
Conclusions: NEC and MRI were associated with in-hospital mortality, and MRI was associated with NDI or death at
18 months of corrected age.

Key words focal intestinal perforation, meconium-related ileus, necrotizing enterocolitis, outcome, very low birth weight infants.

Recent advances in perinatal/neonatal medicine have reduced
mortality in preterm infants,1,2 but some preterm infants have
either died during hospitalization or survived with neurological
sequelae. Surgical intestinal disorders, such as necrotizing
enterocolitis (NEC), focal intestinal perforation (FIP), and
meconium-related ileus (MRI), are important diseases associated
with serious morbidity and mortality in very low-birthweight
infants (VLBWI).
Necrotizing enterocolitis is one of the most severe intestinal

diseases affecting premature infants and leads to high mortality

and morbidity.2,3 The reported incidence of NEC ranges from
2.3% to 9%.3–5 The pathogenesis of NEC could involve enteral
feeding, gut immunity, and altered gut microbiota, but this has
not been elucidated entirely. FIP is isolated, and the surrounding
tissue appears otherwise normal.6 The incidence of FIP ranges
from 1.1% to 8% in extremely low-birthweight infants
(ELBWI).4,7,8 Because FIP is a localized disease, it is often
assumed that it is less likely, relative to NEC, to be associated
with a systemic inflammatory reaction, suggesting that infants
with FIP may be at lower risk.9,10 Other articles, however, have
reported FIP outcomes similar to those of NEC.11,12 Therefore,
these outcomes have been controversial.
Meconium-related ileus is another intestinal disease that

affects premature infants, as reported by Kubota et al.13 There has
been speculation that the pathogenesis of perforation in MRI
involves immature or uncoordinated bowel movement, which
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causes a localized increase in intraluminal pressure and leads to
focal perforation.13 The morbidity and incidence of MRI in
VLBWI have not been reported. In addition, there have been no
articles published regarding outcomes in VLBWI with MRI.
Infants with such disorders are at high risk of both mortality

and poor neurodevelopmental outcome.7,11,12,14,15 Some studies
have evaluated neurodevelopmental outcomes in infants with sur-
gical intestinal disorders, but few publications have described
comparative outcomes for VLBWI with NEC, FIP, and MRI. The
aim of this study was to compare composite outcomes for death
or neurodevelopmental impairment (NDI) in VLBWI with NEC,
FIP, and MRI and to assess whether the presence of intestinal
diseases is an independent risk factor for death or NDI, on regres-
sion analysis.

Methods

Participants

A retrospective matched cohort study was conducted at 11 ter-
tiary institutes in Japan. We included VLBWI (birthweight
≤1500 g) who had undergone laparotomy for surgical intestinal
disorder between January 2003 and December 2012. Two control
subjects were chosen for every surgical patient and matched for
gestational age (±1 week) and birthweight (±50 g) to form the
comparison group.

Definition of surgical intestinal disorders

The surgical intestinal disorders observed in VLBWI were clas-
sified into the following three categories based on operative find-
ings: NEC, an acquired condition of diffuse necrotic injury to the
mucosal and submucosal layers of the bowel; FIP, intestinal
perforation without mechanical obstruction or necrotic changes;
and MRI, which, in operative cases, involves diagnosis of MRI
with laparotomy performed for intractable ileus, indicating a
microcolon or small colon extending to the distal ileum or a
gradual change in the caliber of the ileum, with a dilated proxi-
mal ileum filled with sticky meconium. This condition is synony-
mous with “meconium disease” or “meconium ileus without
mucoviscidosis”.

Maternal, perinatal, and neonatal factors

In order to assess independent risk factors for death and NDI,
information regarding maternal factors, perinatal factors, neona-
tal factors, and neonatal complications associated with death
and/or NDI was collected from medical records. Maternal factors
included age, placental abruption, umbilical collapse, pregnancy-
induced hypertension (PIH), membrane rupture, and steroid
treatment. Perinatal and neonatal factors included delivery
mode, birth location (i.e. outborn, inborn), sex, gestational age,
birthweight, number of fetuses, small for gestational age (SGA)
and Apgar score (1 min and 5 min). Neonatal complications
included delay in establishment of postnatal enteral feeding,
sepsis, chronic lung disease (CLD), postnatal steroid treat-
ment, intraventricular hemorrhage (IVH), and periventricular
leukomalacia (PVL). PIH was diagnosed according to the defi-
nition established by the Japan Society of Obstetrics and Gyne-
cology. Gestational age was determined on the basis of the last

menstrual period and ultrasound findings during the early stage
of pregnancy. SGA was defined as birthweight <10th percentile,
according to Japanese reference data.16 CLD was diagnosed if
supplementary oxygen was necessary at 36 weeks of corrected
age and accompanied by characteristic radiographic changes.
Sepsis was diagnosed if an infant had severe deterioration, asso-
ciated with positive blood culture, in his or her general condition.
IVH and PVLwere diagnosed on brain imaging (ultrasonography
and/or magnetic resonance imaging). Establishment of enteral
feeding was defined as achievement of enteral feeding consisting
≥100 mL/kg/day. Previous research has demonstrated adverse
neurological outcome in infants for whom enteral feeding did not
reach 100 mL/kg/day at 3 weeks of age.17 Therefore, the cut-off
for establishment of enteral feeding was 3 weeks of age.

Outcomes

The primary endpoint was death during hospitalization. The sec-
ondary endpoint was death or NDI at 18 months of corrected
age. Information regarding death during hospitalization was
collected from medical records. Neurodevelopmental outcome at
18 months of corrected age was evaluated by the attending phy-
sician using neurodevelopmental assessment tools via medical
interview from parents. If the developmental quotient was <70,
neurodevelopment was considered delayed. When a battery was
not performed, the attending physician evaluated outcomes via
physical examination. NDI was defined as the presence of neu-
rological sequelae in infants at 18 months of corrected age.

Statistical analysis

All analyses were performed using SAS version 10.0.2 (SAS
Institute, Cary, NC, USA). Categorical variables were evaluated
using chi-squared or Fisher’s exact tests. Numerical data were
evaluated using the Kruskal–Wallis test. Bonferroni correction
was used for post-hoc analysis.
An adjusted analysis was performed for primary and second-

ary endpoints, using multivariate logistic regression analysis to
determine independent factors. The variables included in the
regression analyses for death during hospitalization and NDI/
death at 18 months of corrected age were the maternal, perinatal,
and neonatal factors that had previously been shown to affect
neurodevelopmental outcomes. P < 0.05 was regarded as statis-
tically significant.

Ethics

This study was performed with the approval of the ethics com-
mittee of Hyogo College of Medicine (approval number: 1483)
and the independent ethics committees of Nagoya University
Hospital, Kyushu University, Shizuoka Children’s Hospital,
Hyogo Prefectural Kobe Children’s Hospital, Kanagawa Chi-
ldren’s Medical Center, Osaka Medical Center and Research
Institute for Maternal and Child Health, National Center for
Child Health and Development, Nihon University School of
Medicine, Japanese Red Cross Nagoya First Hospital, and Anjo
Kosei Hospital.
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Results

The number of patients enrolled in the control, NEC, FIP, and
MRI groups was 261, 44, 47, and 42, respectively. The number of
deaths that occurred during hospitalization in the control, NEC,
FIP and MRI groups was 18, 17, 8, and 9, respectively. Overall
mortality at discharge was 13.2%. In-hospital mortality was
higher in infants with NEC and MRI relative to those in the
control group (control vs NEC, P < 0.001; control vs MRI, P =
0.009). The prevalence of NDI at 18 months of corrected age in
the control, NEC, FIP, and MRI groups was 42.3%, 61.1%,
46.7%, and 75.0%, respectively. The incidence of NDI at
18 months of corrected age was higher in infants with MRI
relative to that of the control group (P = 0.021; Table 1).
Maternal characteristics for the four groups are given in

Table 2. The incidence of maternal PIH was significantly lower in
the NEC group relative to the other groups (NEC vs control, P =
0.014; NEC vs FIP, P = 0.007; NEC vs MRI, P = 0.034).
Perinatal and neonatal characteristics of the four groups are

listed in Table 3. The proportion of male infants in the NEC
group was significantly higher than in the control group
(P = 0.034). Gestational age in the NEC group was significantly
lower relative to that observed in the MRI group (P = 0.028). The
proportion of SGA infants was significantly higher in the MRI
group relative to the control and NEC groups (MRI vs control, P
= 0.009; MRI vs NEC, P = 0.008).
Neonatal complications are shown in Table 4. Establishment

of enteral feeding was delayed in infants with NEC, FIP, andMRI

relative to those in the control group (control vs NEC, P < 0.001;
control vs FIP, P < 0.001; control vs MRI, P < 0.001). The
proportion of infants with IVH was significantly higher in the
NEC group relative to the control group.
On logistic regression analysis, after adjusting for potential

confounders, NEC was associated with increased risk of
in-hospital mortality (relative to the control group: OR, 2.87;
95%CI: 1.12–7.48). In addition, MRI was associated with
increased risk of death or NDI at 18 months of corrected age
(OR, 4.58; 95%CI: 1.25–19.0). Regarding risk factors other than
the disease categories, SGA, establishment of enteral feeding at
>3 weeks postnatally, and IVH were associated with an increased
risk of in-hospital mortality (Table 5). Low gestational age, male
sex, SGA, and IVH were associated with an increased risk of
death or NDI at 18 months of corrected age (Table 6).

Discussion

In this retrospective study, we identified NEC and MRI as inde-
pendent factors associated with in-hospital mortality and death or
NDI at 18 months of corrected age, respectively.

Mortality

There was a high mortality rate in infants with NEC.9,12 Hull
et al. reported a mortality rate of 35% for VLBWI with surgical
NEC.4 In the present study, the mortality rate for infants with
NEC was 38.6%, which was compatible with that of the pre-
vious study. In addition, NEC was an independent factor for
in-hospital mortality on logistic regression analysis. The reason

Table 1 Outcomes

Control NEC FIP MRI P
n = 261 n = 44 n = 47 n = 42

Death in hospital
Yes/No (Yes %) 18/243 (6.9) 17/27 (38.6)* 8/39 (17.0) 9/33 (21.4)† <0.001

NDI at 18 months corrected age
Yes/No (Yes %) 79/108 (42.3) 11/7 (61.1) 14/16 (46.7) 15/5 (75.0)‡ 0.022

*Control vs NEC, P < 0.001; †control vs MRI, P < 0.009; ‡control vs MRI, P < 0.21. FIP, focal intestinal perforation; MRI, meconium-related
ileus; NDI, neurodevelopmental impairment; NEC, necrotizing enterocolitis.

Table 2 Maternal characteristics

Control NEC FIP MRI P
n = 261 n = 44 n = 47 n = 42

Maternal age (years)
Median (IQR) 31.5 (28–35) 32 (29–35) 31 (26–35) 32 (29–34) 0.720

Abruptio placenta
Yes/No (Yes %) 14/246 (5.4) 1/42 (2.3) 2/44 (4.4) 2/39 (4.9) 0.823

Umbilical collapse
Yes/No (Yes %) 12/247 (4.6) 1/42 (2.3) 1/45 (2.2) 2/39 (4.9) 0.761

Pregnant induced hypertension
Yes/No (Yes %) 44/215 (16.7) 0/43 (0.0)*,†,‡ 9/35 (20.5) 6/34 (14.2) 0.001

Rupture of membrane
Yes/No (Yes %) 106/151 (41.3) 23/20 (53.5) 14/32 (30.4) 16/24 (40.0) 0.177

Maternal steroid treatment
Yes/No (Yes %) 130/127 (50.6) 15/28 (46.7) 19/22 (46.3) 13/25 (34.2) 0.092

*NEC vs control, P < 0.014; †NEC vs FIP, P < 0.007; ‡NEC vs MRI, P < 0.034. FIP, focal intestinal perforation; IQR, interquartile range; MRI,
meconium-related ileus; NEC, necrotizing enterocolitis.

© 2015 Japan Pediatric Society

VLBWI and surgical intestinal disorder 635

－ 143 －



for the higher mortality rate, relative to that for other intestinal
diseases, is not clear but may involve a multitude of factors,
including the extent of the disease,9 varying pathogenesis,18 and
different organisms implicated in the etiology of peritonitis
accompanying the disease process.19 FIP is one of the most
critical intestinal diseases observed in neonates. Attridge et al.
reported a mortality rate of 29% in ELBWI with FIP.7 In con-
trast, the mortality rate in the present study was 17.0%. The
participant group in the Attridge et al. study was restricted to
infants who weighed <1000 g.7 The present subjects, however,
also included infants who weighed ≥1000 g. This difference
between the study populations may have led to the difference in
results.

Neurological impairment

Some reports have been published in which neurodevelopmental
outcome in infants with surgical intestinal diseases was poorer
relative to that in infants without surgical intestinal diseases.11,15,20

This was particularly evident in infants with surgical NEC.11,12,15

In this study, the prevalence of NDI in infants with NEC at
18 months of corrected age was 61.1%. Several studies have
compared neurodevelopmental outcome in infants with FIP and
NEC;10–12 some noted similar NDI in infants in both groups,11,12

while Adesanya et al. noted lower Bayley score in survivors with
NEC relative to infants with FIP.10 In the present study, NDI in
infants with either NEC or FIP at 18 months of corrected age did

Table 3 Perinatal and neonatal characteristics

Control NEC FIP MRI P
n = 261 n = 44 n = 47 n = 42

Gender
Male/Female (male %) 134/127 (51.3) 32/12 (72.3)* 30/17 (63.8) 25/17 (59.5) 0.030

Gestational age (weeks)
Median (IQR) 26.1 (24.3–28.2) 25.4 (24.0–26.9)† 26.3 (24.6–28.4) 27.3 (25.2–29.9) 0.034

Birthweight (g)
Median (IQR) 726 (594–952) 701 (579–842) 746 (644–988) 707 (508–942) 0.545

No. fetuses
Multiple/singleton (multiple %) 44/217 (16.9) 14/30 (31.8) 14/33 (29.8) 13/29 (31.0) 0.020

Fetal growth
SGA/non-SGA (SGA %) 75/186 (28.7) 9/35 (30.5) 14/33 (29.8) 22/20 (52.4)‡,§ 0.010

Apgar score (1 min) Median (IQR) 4 (2–6) 4 (1–6) 4 (3–6) 4 (2–6) 0.800
Apgar score (5 min) Median (IQR) 7 (5–8) 6 (5–8) 7 (5–8) 7 (3–8) 0.577
Delivery
CS/TV (CS %) 192/69 (73.6) 33/11 (75.0) 41/6 (87.2) 35/7 (83.3) 0.117

Birth location
Outborn/inborn (outborn %) 42/219 (16.1) 13/31 (29.6) 14/33 (29.8) 7/35 (16.7) 0.055

*Control vs NEC, P < 0.034; †NEC vs MRI, P < 0.028; ‡Control vs MRI, P = 0.009; §NEC vs MRI, P = 0.008. CS, cesarean section; FIP, focal
intestinal perforation; IQR, interquartile range; MRI, meconium-related ileus; NEC, necrotizing enterocolitis; SGA, small for gestational age;
TV, transvaginal delivery.

Table 4 Neonatal complications

Control NEC FIP MRI P
n = 261 n = 44 n = 47 n = 42

Postnatal day of enteral feeding establishment
Median (IQR) 15 (12–23) 48.5 (33–89)* 33 (22–55)** 36 (26–53)† <0.001

Enteral feeding establishment >3 weeks postnatally
Yes/No (Yes %) 79/169 (64.9) 41/2 (95.3)†† 8/35 (83.7)‡ 36/2 (92.3)‡‡ <0.001

Sepsis
Yes/No (Yes %) 42/219 (16.1) 7/37 (15.9) 8/39 (17.0) 9/32 (22.0) 0.839

Chronic lung disease
Yes/No (Yes %) 96/158 (37.8) 18/20 (47.4) 17/26 (39.5) 15/21 (41.7) 0.719

Postnatal steroid treatment
Yes/No (Yes %) 47/211 (18.2) 13/32 (27.3) 7/37 (15.9) 8/32 (20.0) 0.534

Intraventricular hemorrhage
Yes/No (Yes %) 71/189 (27.3) 21/21 (50.0)§ 13/30 (30.2) 16/25 (39.2) 0.024

Periventricular leukomalacia
Yes/No (Yes %) 30/217 (12.2) 3/37 (7.5) 5/32 (13.5) 8/26 (23.5) 0.242

*Control vs NEC, P < 0.001; **Control vs FIP, P < 0.001; †Control vs MRI, P < 0.001; ††Control vs. NEC; P < 0.001, ‡Control vs FIP,
P < 0.001; ‡‡Control vs MRI, P < 0.001; §Control vs NEC, P = 0.012. FIP, focal intestinal perforation; IQR, interquartile range; MRI,
meconium-related ileus; NEC, necrotizing enterocolitis.
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not differ from that of infants in the control group. In addition, on
logistic regression analysis neither NEC nor FIP was associated
with death or with NDI at 18 months of corrected age.

Mortality and neurological morbidity in MRI infants

Meconium-related ileus was proposed by Kubota et al.13 The
clinical features of the condition include intractable ileus due to
functional obstruction, impaired meconium excretion, and
microcolon or small colon. Cuenca et al. reported excellent out-
comes for patients with meconium plug syndrome, which is on
the MRI spectrum.21 In the present study, the mortality rate for
the MRI group was 21.4%. The incidence rate for NDI, however,
was 75%, and MRI was an independent risk factor in infants at
18 months of corrected age. The discrepancy between the Cuenca
et al. and the present findings may be explained by patient char-
acteristics. Meconium plug syndrome is considered to be a rela-
tively mild form of MRI, given that it can often be cured with an

enema. In contrast, the majority of patients with MRI require
surgical treatment. Therefore, it is necessary to conduct further
research to examine the clinical features of MRI in VLBWI.

Other risk factors for death or NDI at 18 months of
corrected age

In the present study, SGA, delayed establishment of enteral
feeding, and IVH were associated with an increased risk of
in-hospital mortality, and low gestational age, male sex, SGA,
and IVH were independent risk factors for death or NDI at
18 months of corrected age. These neonatal factors have been
associated with outcome in low-birthweight infants with or
without surgical intestinal disorders.22,23 In contrast, none of the
maternal factors were associated with in-hospital mortality,
death, or NDI at 18 months of corrected age. This suggest that,
relative to maternal factors, neonatal factors are more strongly
related to outcome in VLBWI with surgical intestinal disorders.
Improvement in perioperative management is necessary to
reduce mortality and morbidity in these infants.

Limitations

This study had several limitations. First, data collection was
retrospective. Therefore, there was inevitable data dropout due to
loss of records. Finding an appropriate control group is always
difficult in retrospective analysis. Second, the absolute number of
cases was relatively small, even though the study was conducted
in 11 Japanese tertiary centers. Third, the battery used to assess
neurodevelopmental outcome was dependent upon the institution
involved. To resolve these limitations, it is necessary to perform
nationwide prospective surveillance.
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Abstract

Purpose Necrotizing enterocolitis (NEC) is a devastating

inflammatory disease of preterm infants that may depend

on overexpression of toll-like receptor-4 (TLR4) in the

immature intestine. Surfactant protein (SP)-D is a member

of the collectin family and plays an important role in innate

immunity, particularly in the airways. Although SP-D also

exists in the intestines, little is known about its function.

This study investigated whether SP-D can attenuate the

inflammatory response of TLR4-overexpressing embryonal

intestinal cells.

Methods All experimental procedures were performed

using the human intestinal cell line INT407 originally

derived from human embryonal intestines. Platelet-acti-

vating factor (PAF), reported to be elevated in NEC

patients, was used to induce TLR4 overexpression in the

human embryonal intestinal cell line INT407. TLR4

expression was measured using quantitative real-time PCR.

Inflammatory responses to PAF (5 lM), the TLR4 agonist

lipopolysaccharide (LPS, 100 ng/ml), PAF ? LPS, and

PAF ? LPS following SP-D pretreatment (20 lg/ml) were

assessed by enzyme-linked immunosorbent assay (ELISA)

of interleukin-8 (IL-8) release (in pg/ml).

Results Expression of TLR4 mRNA (mean ± SD) was

upregulated by PAF (369 % ± 28 %, p\ 0.001). Stimu-

lation with PAF ? LPS resulted in higher IL-8 release

(1959.3 ± 52.3) than control (141.2 ± 12.4), LPS

(167.3 ± 65.8), or PAF (1527.2 ± 129.4) treatment

(p\ 0.05). Release in response to PAF ? LPS (1590.1 ±

319.3) was attenuated by SP-D pretreatment (1161.6 ±

131.6; p\ 0.05).

Conclusion SP-D attenuates LPS-induced IL-8 produc-

tion in TLR4-overexpressing intestinal cells, suggesting

that SP-D may have a protective effect in the development

of NEC in preterm infants.

Keywords Necrotizing enterocolitis � Toll-like
receptor-4 � Surfactant protein � Platelet-activating factor �
Lipopolysaccharide

Introduction

Necrotizing enterocolitis (NEC) remains one of the most

common and life-threatening gastrointestinal diseases

during early infancy, with approximately 7 % incidence in

infants having a very low birth weight and 20–30 %

mortality rate [1]. Recent studies have demonstrated that

NEC is associated with hyperinflammatory responses and

that toll-like receptor-4 (TLR4) overexpression is critical in

NEC pathogenesis [2]. The fetal (immature) intestinal

mucosa is characterized by elevated expression of TLR4

[3, 4], which regulates the proliferation and migration as

well as apoptosis of epithelial cells [5]. Excessive TLR4
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activation in the immature intestine may stimulate entero-

cyte apoptosis, leading to impaired healing, reduced

epithelial cell proliferation, and eventual NEC [6].

Platelet-activating factor (PAF, 1-O-alkyl-2-acetyl-sn-

glycero-3-phosphocholine) also plays an important role in

the pathogenesis of mucosal inflammation and intestinal

injury [7]. PAF upregulates TLR4 expression in intestinal

cell lines [8], and thus, it may also contribute to NEC onset

[9]. Therefore, we employed PAF stimulation to induce

TLR4 overexpression in immature intestinal cells as an

in vitro NEC model.

Surfactant protein (SP)-D belongs to the collectin fam-

ily, which is instrumental in innate immunity [10].

Although SP-D is the most abundant in the airways,

extrapulmonary expression has also been documented [11,

12]. Previously, we reported that SP-A and SP-D are

expressed on the luminal surface of the murine fetal and

neonatal intestine [13]. SP-D enhances phagocytosis by

opsonizing and aggregating microorganisms and acts as an

activation ligand. In addition, it downregulates LPS-

evoked inflammatory responses by altering LPS binding to

TLR4/MD-2 [14].

To test the hypothesis that SP-D can attenuate the

inflammatory response in immature intestinal cells, we

investigated the effects of SP-D pretreatment on LPS-in-

duced release of the inflammatory cytokine interleukin-8

(IL-8) in TLR4-overexpressing human embryonal intesti-

nal cells.

Materials and methods

Cell culture

Human intestinal cells (INT407) were purchased from DS

Pharma Biomedical (Osaka, Japan) and maintained in

minimum essential medium (Life TechnologiesTM) sup-

plemented with 1 % nonessential amino acids, 2 mM L-

glutamine, and 10 % fetal bovine serum (Sigma-Aldrich

Co. LLC) at 37 �C in 5 % CO2.

Reagents

Carbamyl PAF (BML-L120) (Enzo Life Science, New

York, USA) dissolved in water was used for stimulation of

TLR4 overexpression. Phenol-extracted Escherichia coli

O55:B5 lipopolysaccharide (LPS) was obtained from

Sigma (St. Louis, USA) and dissolved in water. Human

recombinant SP-D (full-length) was obtained from Abcam

(Cambridge, UK) and dissolved in PBS before use in

experiments.

Stimulation with PAF and quantitative real-time

PCR

Expression levels of TLR4 are very low in mature but high

in immature/embryonic intestinal epithelial cells [3, 4].

PAF has been reported to upregulate TLR4 expression in a

cancer cell line (Caco2) [8]. TLR4 expression is also low in

INT407 cells, so PAF was used to upregulate TLR4

expression as in the immature intestine. INT407 cells

(3 9 105/well in six-well plates) were stimulated with PAF

(5, 10, and 20 lM) for 6 h at 37 �C or left unstimulated

(controls). Total RNA was isolated using the SV total RNA

isolation system (Promega Corporation, Madison, WI,

USA) according to the manufacturer’s instructions. cDNA

was prepared via reverse transcription from INT407 cell

RNA using the Prime Script RT reagent kit (TAKARA

BIO INC., Otsu, Japan). TLR4 mRNA expression levels

were measured using quantitative real-time (qRT)-PCR;

transcript levels were normalized to that of GAPDH. The

following primer sequences were used: TLR4, 50-CAGAG
TTTCCTGCAATGGATCA-30 and 50-GCTTATCTGAAG
GTGTTGCACAT-30; GAPDH, 50-CGGGGAAGCTTGTC
ATCAATGG-30 and 50-GGCAGTGATGGCATGGACT
G-30. Quantitative RT-PCR was performed using a

CHROMO4 detector (Bio-Rad Laboratories, Hercules, CA,

USA). Each 12.5 ll of the qRT-PCR reaction contained

1 ll of cDNA, 5 mM of each primer, and 6.25 ll of the
STBR Premix Ex Taq II kit mix (TAKARA BIO INC.,

Otsu, Japan). The reaction conditions were 40 cycles of

denaturing at 95 �C for 15 s, annealing at 60 �C for 30 s,

and extension at 72 �C for 30 s, respectively, and 40 cycles

were performed. Each primer and probe set was analyzed

and found to have a linear relationship with 2-CT. The

dilution factor for all reactions showed a CT value\38.

LPS stimulation of TLR4-overexpressing

INT407cells, SP-D pretreatment, and measurement

of IL-8

To establish an inflammation model of the immature

intestine, INT407 cells were treated with PAF to induce

TLR4 overexpression or with PAF plus LPS (Fig. 2a). To

evaluate the effect of SP-D on this inflammation model,

various concentrations of SP-D were added to the cells

prior to stimulation with PAF ? LPS (Fig. 3a). The mag-

nitude of the inflammatory response was evaluated by

measuring IL-8 release. Briefly, INT407 cells (2 9 104/

well) were cultured in 96-well dishes, and the supernatants

collected and stored at -80 �C after the various treatments

(PAF, LPS, PAF ? LPS, SP-D followed by PAF ? LPS)

for IL-8 measurement by enzyme-linked immunosorbent
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assay (ELISA). The human IL-8 ELISA kit was obtained

from BD Biosciences (Bedford, MA, USA). ELISA assays

were performed in duplicate and quantified according to

the manufacturer’s instructions. The results are expressed

in pg/ml.

Statistical analysis

The results of the qRT-PCR and ELISA analyses are

expressed as mean ± SD. Treatment group means were

compared by Tukey–Kramer HSD test or Dunnett’s test.

All statistical analyses were performed using the JMP�10

software package (SAS Institute Inc., Cary, NC). A

p\ 0.05 was considered significant.

Results

PAF upregulated TLR4 expression in the human

intestinal cell line INT407

Following treatment with 5 lM PAF, TLR4 mRNA

expression was significantly upregulated compared with

untreated cells (3.69 ± 0.28 vs. 1.00 ± 0.10, p\ 0.001)

(Fig. 1). Increasing the PAF concentration above 5 lM did

not result in any further enhancement of TLR4 mRNA

expression (10 lM: 3.17 ± 0.31, 20 lM: 3.43 ± 0.22).

PAF 1 LPS increased IL-8 release from INT407

cells (Fig. 2)

The inflammatory responses of INT407 cells to stimulation

by PAF, LPS, and PAF ? LPS are shown in Fig. 2b.

Expression of the pro-inflammatory cytokine IL-8 was not

increased by LPS alone (167.3 ± 65.8 pg/ml) compared

with controls (141.2 ± 12.4 pg/ml), while PAF alone

induced a significant increase in IL-8 release (1527.2 ±

129.4 pg/ml, p\ 0.05) that was further enhanced by sub-

sequent stimulation with LPS (1959.3 ± 52.3 pg/ml,

p\ 0.05).

Recombinant SP-D attenuated IL-8 expression

induced by PAF 1 LPS in INT407 cells (Fig. 3)

Pretreatment with 20 ng/ml recombinant SP-D signifi-

cantly attenuated IL-8 release evoked by LPS in PAF-

treated cells (1161.6 ± 131.6 vs. 1527.2 ± 129.4 pg/ml,

p\ 0.05), while 5 and 10 mg/ml did not (5 ng/ml:

1372.3 ± 157.9 pg/ml, 10 ng/ml: 1292.0 ± 227.6 pg/ml).

Discussion

We used a human intestinal cell line, INT407, induced to

overexpress TLR4 by PAF treatment and costimulated by

the TLR4 agonist LPS, as an in vitro cell model of NEC to

test the possible anti-inflammatory activity of SP-D.

Indeed, a modest SP-D dose (20 ng/ml) markedly attenu-

ated release of the pro-inflammatory cytokine IL-8 in

response to combined PAF and TLR4 stimulation, seminal

events in NEC pathogenesis [2–9], possibly by blocking

TLR4-LPS binding [14]. We suggest that SP-D, which is

widely expressed but normally low in the immature intes-

tine, is a possible therapy for NEC.

The INT407 cell line is frequently used to model

pathological responses in the small intestine, such gas-

troenteritis caused by food-borne bacteria [15]. In this

study, however, IL-8 release was not significantly

increased by LPS alone, possibly due to low expression

levels of TRL4. Although the INT407 line was derived

from human embryonic intestinal cells, the expression of

TLR4 is suppressed under routine culture conditions. TLR4

expression was upregulated following treatment with PAF,

a response akin to that observed under conditions of NEC.

In addition, the TLR4-overexpressed INT 407 cells showed

a strong reaction to LPS compared with that showed by the

non-treated cells.

LPS alone, suggesting that TLR4 overexpression is

necessary for the hyperinflammatory response characteris-

tic of NEC. Indeed, the expression of TLR4 is higher in the

embryonic/neonatal intestinal mucosa than in the adult

mucosa [3], and human intestinal samples from NEC

patients display significantly higher expression levels of

TLR4 mRNA [16]. Moreover, TLR4 mutant mice were

protected against the development of NEC [17].

In our model, TLR expression was elevated by PAF and

LPS stimulation. The administration of PAF and LPS has

been reported to cause NEC-like pathologies in vivo [18].

PAF is an endogenous phospholipid inflammatory mediator

Fig. 1 PAF induces TLR4 expression in INT407 cells. Compared

with untreated controls, INT407 cells exposed to 5 lM PAF exhibited

markedly elevated TLR4 mRNA expression. There was no apparent

dose-dependent increase above 10 lM PAF (n = 5, ***p\ 0.001).

PAF platelet-activating factor, TLR4 toll-like receptor-4
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found in most cells and tissues, and specific PAF receptors

are abundantly expressed in the ileum and jejunum [19].

The activation of PAF receptors subsequently activates

several signaling pathways, including NFjB and STAT-3

synthesis, resulting in their translocation into the nucleus

and transcriptional activation of inflammatory molecules

like IL-8 [20]. Intravenous administration of PAF causes

ischemic intestinal necrosis [21]. Amer et al. reported that

the stool concentrations of PAF are significantly higher in

patients with NEC than in those without NEC [22]. PAF

upregulation may lead to TLR4 overexpression and well as

the synthesis of other pro-inflammatory cytokines, result-

ing in NEC induction and/or progression.

The LPS receptor TLR4/MD-2 is detectable in the fetal,

neonatal, and adult intestine; however, LPS-induced

inflammatory responses (NFjB activation and inflamma-

tory cytokine production) are only detectable in fetal

intestinal epithelial cells [23]. In contrast, mature intestinal

epithelial cells express low levels of TLR4/MD2 and

exhibit a poor response to LPS [8, 24]. Similarly, only cells

overexpressing TLR4 (PAF treated) responded to LPS.

Thus, LPS is a possible initiator of NEC [17] but requires

other factors for upregulation of its receptor. IL-8 is a pro-

inflammatory cytokine, the levels of which are elevated in

patients with NEC [25], and a high IL-8 level may be

associated with the severity of NEC [26]. IL-8 may also be

a marker of the extent of affected intestinal necrosis [27].

Notably, the TLR4 agonist LPS [28] stimulates the pro-

duction of IL-8 via NFjB [29].

SP-D is a member of the collectin family and is known

to play an important role in innate immunity, especially in

the airways [30]. Pulmonary SP-D directly binds to a

variety of microorganisms and functions as an opsonin,

thus enhancing bacterial uptake [31]. In addition, pul-

monary SP-D binds to TLR4/MD-2 and inhibits LPS-in-

duced inflammatory responses [14]. However, little is

known about the function of SP-D in the intestines. Based

on previous findings in the airways, we hypothesized that

SP-D may attenuate the severity of NEC by reducing the

inflammatory response in the intestines. Our data demon-

strate that SP-D pretreatment attenuates IL-8 production

induced by PAF and LPS. This observation suggests that a

lack of SP-D in the premature intestine may be central to

the pathogenesis of NEC. Moreover, our data suggest that

Fig. 2 LPS induces IL-8 release in cooperation with PAF stimula-

tion. a The time course of stimulation. During PAF stimulation (PAF

and PAF ? LPS), PAF (5 lM) was added first. LPS (100 ng/ml) was

added 20 h later in both LPS stimulation groups (LPS and

PAF ? LPS). b IL-8 release was not elevated following stimulation

with LPS alone, but PAF caused a remarkable elevation of IL-8 and

the combination of PAF and LPS led to even higher levels (n = 4,

*p\ 0.05 compared to ‘‘control’’ and ‘‘LPS’’, **p\ 0.05 vs. the

other three groups). IL interleukin, LPS lipopolysaccharide, PAF

platelet-activating factor

Fig. 3 SP-D attenuates IL-8 release in response to stimulation with

PAF and LPS. a The time course of the experiments. SP-D was added

20 h after PAF (5 lM) and 1 h prior to LPS (100 ng/ml) stimulation

at various concentrations. b Following treatment with 20 lg/ml SP-D,

the release of IL-8 was significantly attenuated compared with that in

cells treated with PAF and LPS only (n = 4, *p\ 0.05 compared

with controls, Dunnett’s test). IL interleukin, LPS lipopolysaccharide,

PAF platelet-activating factor, SP-D surfactant protein-D
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pretreatment with SP-D may prevent the development of

NEC.

Several other cytokines are also elevated in NEC,

including tumor necrosis factor-a, IL-1, and IL-6. Future

investigations should evaluate the protective effects of

intestinal SP-D against these components of the inflam-

matory response using in vivo NEC model.
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