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Purpose : The aim of this study was to develop a model for necrotizing enterocolitis (NEC)
in the neonatal rat using endotoxin and hypoxia, a plausible insult in a neonatal intensive care
and to investigate the role of apoptosis as the underlying mechanism.
Methods : Newborn rats were given oral endotoxin and intermittent 8% hypoxia±caspase
inhibitor. The intestinal histology was evaluated using hematoxylin-eosin staining. Apoptosis
was analyzed with TUNEL staining and by measuring the caspase 3 activity in the intestinal
lysates. IEC-6 cells were assessed for apoptosis and the expression of Bax, Bcl-2, Fas and
FasL was measured after treatment with endotoxin and hypoxia.
Results : Oral endotoxin (5 mg/kg) and exposure to 8% hypoxia of 60-min duration twice
induced human NEC-like lesions in the rat intestine. Intestinal tissue revealed increased
apoptosis and caspase-3 activity. After caspase inhibitor treatment, the grades of both
apoptosis and NEC were significantly reduced. IEC-6 cells exhibited increased apoptosis and
caspase 3 activity after endotoxin and hypoxia treatment and significantly increased Bax/Bcl2 ratio compared to control cells.
Conclusion : This neonatal rat model of NEC which was induced by oral endotoxin and
intermittent hypoxia showed increased apoptosis of intestinal epithelial cells that was mediated by caspase 3 activation. Our model has a advantage in the study of NEC because the use
of much more clinically plausible insults may provide a suitable model for the investigation
of its pathophysiology and therapeutic trials. (J Korean Soc Neonatol 2010;17:44-52)
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mental models of NEC have been attempted utilizing
3, 6)
ischemia+reperfusion4, 5), asphyxia+cold stress ,

Introduction

7)
platelet activating factor (PAF) injection or endo-

toxin+hypoxia7, 8). Endotoxin and hypoxia could
Necrotizing enterocolitis (NEC) is the most com-

mimic common clinical conditions in neonatal in-

mon life-threatening gastrointestinal disease in

tensive care better than other kinds of insults, but

neonates. The importance of NEC is attributable not

apoptosis was not evaluated in an NEC animal

only to short-term gastrointestinal morbidity and

model using endotoxin+hypoxia.

mortality but also to long-term neurodevelopmen-

The aims of the present study were therefore to

tal risk1). Extensive apoptosis has been observed

develop a model for NEC in the neonatal rat using

in enterocytes in the apical villi of infants with NEC

endotoxin+hypoxia and to investigate the role of

2)

, however, it is uncertain whether the observed

apoptosis as the underlying mechanism.

epithelial apoptosis is the underlying mechanism of
gross tissue necrosis or whether it only coincides

Materials and Methods

with wide-spread tissue destruction in NEC3). Intestinal epithelial apoptosis has recently been shown
to be an underlying cause for subsequent gross

1. Animals

tissue necrosis through an animal experiment using
formula feeding and cold/asphyxia stress in rats3).

Fifty-two full-term neonatal Sprague-Dawley

A significant number of samples exhibit increased

rats were used. Their age at the time of experiment

DNA fragmentation without gross necrotic damage,

was 6 days, and mean weight was 14.9 g (range,

and supplementation with a pancaspase inhibitor

11.4-16.2 g). All procedures were performed in

significantly reduces the incidence of apoptosis

accordance with the Institutional Animal Care and

and experimental NEC.

Use Committee. Animals were fed normally until

Although the etiology of NEC has not yet been

2-3 hours before the beginning of the experiment.

completely understood, a variety of in vivo experi-

2. Experimental protocols

Rats were divided into 7 groups (Fig. 1). The
control group spontaneously breathed room air
throughout the experiment and was hand-fed 5
ml/kg of normal saline, the same volume of endotoxin in NEC group, via an angiocatheter (internal
diameter, 0.28 mm) at the beginning of the experiment (T0). This group was sacrificed 4 hours after
T0 (4-h control group; n=8) and 6 hours after T0
(6-h control group; n=8). The endotoxin+hypoxia
(E+H) group enterally received 5 mg/kg of endotoxin from the Escherichia coli serotype 0111:B4
(L-3012, Sigma-Aldrich, St. Louis, MO, USA) via
Fig. 1. Outline of the experimental protocol. Abbreviations : NS, normal saline; S, tissue sampling;
EnTx, endotoxin; H, hypoxia; CI, caspase inhibitor.

an angiocatheter at T0 and intermittently suffered
8% hypoxia using a normobaric hypoxic chamber
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(14500 Coy Drive, Coy Laboratory Products Inc,

tion, colorized with DAB/H2O2 and counterstained

Grass Lake, MI, USA). Either 30-min or 60-min

with bis-benzamide.

hypoxia was given once or twice. The H30 4-h

5. Scoring of TUNEL-stained and H&E-stained
slides

group (n=6) breathed room air for the first 2 h and
received 30-min hypoxia at (T2) and was sacrificed at 4 h (T4). The H60 4-h group (n=6) re-

TUNEL-stained and hematoxylin-eosin-stained

ceived 60-min hypoxia at T2 and was sacrificed at

histologic slides were examined by a blinded patho-

T4. The H30 6-h group (n=6) received 30-min

logist and were scored on a scale of 0-4 as des-

hypoxia at T2 and T4 and was sacrificed at T6. The

3)
cribed by Jilling et al .

H60 6-h group (n=6) received 60-min hypoxia at

Apoptosis was scored as follows: 0 points for

T2 and T4 and was sacrificed at 6 h (T6). The

continuous villous epithelium and only solitaire

caspase inhibitor (CI) group (n=12) followed the

TUNEL-positive nuclei, 1 point for clusters of

same protocol as the H60 6-h group but received

TUNEL-positive nuclei on the villous tips, 2 points

intramuscular injections of 5 mg/kg of a caspase

for apoptotic nuclei covering the villous with com-

inhibitor, Z-DEVD-FMK (BD Biosciences, San

plete sparing of crypts, 3 points for apoptosis pe-

Jose, CA, USA) at T0, T2 and T4.

netrating into the crypts and 4 points for transmural
distribution of TUNEL-positive nuclei. NEC scores

3. Tissue sampling

were based on the following scoring scale: 0 points

The experiment was terminated at 4 or 6 hours,

for intact villi, 1 point for sloughing of cells on vil-

and animals were sacrificed by decapitation. Half

lous tips, 2 points for mid-villous damage, 3 points

of the intestinal block was fixed in 10% neutral

for loss of villi, but readily detectable crypts and

buffered formalin and processed for paraffin em-

4 points for complete absence of epithelial struc-

bedding, sectioning and hematoxylin-eosin or

tures and transmural necrosis. Scores were always

TUNEL staining. The other half was snap frozen in

determined based on the highest score observed in

liquid nitrogen and stored at -80℃ for tissue ext-

a specimen.

raction and caspase activity measurement.

6. Measurement of caspase 3 activity

4. TUNEL staining

Caspase 3 enzymatic activity was analyzed using

The TUNEL assay using an ApopTag In Situ

DEVD-AFC fluorogenic substrate from intestinal

Apoptosis Detection kit (Chemicon, Temecula, CA,

tissue lysates using a Caspase-3/CPP32 Flurome-

USA) was performed in the formalin-fixed, paraf-

tric Assay kit (Biovision, San Diego, CA, USA) ac-

fin-embedded tissue sections as described pre-

cording to the manufacturer’s instructions. Briefly,

viously9). Briefly, the tissues were postfixed with

10-mm-long segments of neonatal rat intestine

acetate-ethanol solution at -20℃, washed with

were rinsed and homogenized in ice-cold PBS and

PBS and incubated in equilibration buffer for 10

lysed in the lysis buffer provided by the manufac-

min. Immediately after terminal deoxynucleotidly

turer for 20 min on ice. The protein concentrations

transferase and dUTP-digoxigenin were added to

of the lysates were determined using the BCA

the sections, the sections were incubated in a hu-

colorimetric assay. Subsequently, cell lysates re-

midified chamber at 37℃ for 1 h. The reaction was

presenting equal amounts of protein were mixed

then stopped, and the sections were washed and

with DEVD-AFC and in parallel reactions with

incubated with anti-digoxigenin-peroxidase solu-

DEVD-AFC and Z-DEVD-FMK in incubation buf-
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fer (20 mM HEPES, pH 7.5, 10% glycerol, 2 mM

cells were then counted in 10 randomly selected

DTT). After incubation at 37℃ for 1 h, fluorescence

fields (×200).

was measured at ex=380 nm, em=450 nm using a

3) Measurement of caspase 3 activity

fluorescence spectrophotometer (Varian Cary Ec-

Caspase 3 activity was measured using the same

lipse Fluorescence Spectrophotometer, Varian,

kit (Caspase-3/CPP32 Flurometric Assay Kit, Bio-

Walnut Creek, CA, USA). The fluorescence inten-

vision) according to the manufacturer’s instructions.

sity of DEVD-AFC+Z-DEVD-FMK-containing

Briefly, the cells were harvested and spun down at

reactions was subtracted from the corresponding

700 g and then, the resulting pellets were washed

reactions containing DEVD-AFC in order to calcu-

twice with PBS and lysed on ice for 20 min in cell

late specific signal.

lysis buffer containing 10 mM Tris-HCl (pH 7.5),
10 mM NaH2PO4/NaHPO4 (p 7.5), 130 mM NaCl, 1

7. In vitro experiments

% Triton X-100 and 100 mM NaPPi. After centrifu-

1) Cell cultures and treatment with endotoxin+
hypoxia

gation at 10,000 g for 10 min, the supernatants

The rat IEC-6 cell line (KCLB-21592) was ob-

(Ac-DEVD-AFC), and fluorescence was measured

tained from the Korean Cell Line Bank (Seoul,

at 400 nm excitation and 505 nm emission after 1

Korea) and used before the 20th passage. The cells

h of incubation at 37℃ using a fluorescence spec-

were cultured at 37℃ in a humidified atmosphere

trophotometer (Varian Cary Eclipse Fluorescence

of 5% CO2 in Dulbeco’s Modified Eagle Medium sup-

Spectrophotometer, Varian). Specific caspase acti-

plemented with 5% heat-inactivated fetal calf serum

vity was calculated by subtracting the fluorescence

(Gibco, Grand Island, NY, USA), 1 mM sodium py-

intensity measured in the presence of the substrate

ruvate and 1% penicillin/streptomycin. The cells

plus inhibitor from the fluorescence observed by

were plated at 106 cells per well in six-well plates

incubating with the substrate alone. Sample fluore-

and incubated in the presence of endotoxins from

scence intensities normalized to the intensity of un-

the Escherichia coli serotype 0111:B4 at concentra-

treated cells and were expressed as its percentage

tions of 50 μg/mL in a hypoxic environment of 5%

relative to those of the control group.

were collected and mixed with either substrate

CO2 and 95% N2 using a personal O2/CO2 incubator

4) Immunoblot

(APM-30D, ASTEC, Fukuoka, Japan) for 3, 6, 12,

After each lane of a 12% or 15% SDS-PAGE was

24 and 48 h. The control IEC-6 cells were incu-

loaded with an extract representing equal amounts

bated for the same period of time in a CO2 incubator

of protein and separated, it was transferred to a

with 5% CO2 and 95% room air environment (3,546

polyvinylidene difluoride membrane. After blocking

Forma Scientific, Marietta, OH, USA).

with 5% nonfat milk in 0.1% of Tween 20 in Tris-

2) TUNEL staining

buffered saline, the membrane was incubated with

To detect apoptosis, the TUNEL assay was con-

the appropriate antibodies at 4℃ overnight. Antibo-

ducted using an ApopTag Fluorescein In Situ Apop-

dies used were: rabbit polyclonal antibody against

tosis Detection kit (S7100; Chemicon), TUNEL

rat GAPDH (1:2,000 dilution, ABFrontier, Seoul,

staining was performed using anti-digoxigenin-

Korea), rabbit polyclonal antibody against rat Bax

fluorescein according to the manufacturer’s instruc-

(1:1,000 dilution; Cell Signaling Technology, Dan-

tions. The slides were counterstained with γ-tublin

vers, MA, USA), rabbit polyclonal antibody against

and DAPI and observed with an Olympus IX-51

rat Bcl-2 (1:500 dilution, Cell Signaling Technology,

microscope. Numbers of apoptotic cells and IEC-6

Danvers, MA, USA), rabbit polyclonal antibody
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against rat Fas (1:500 dilution; Santa Cruz Biote-

grading results are illustrated in Fig. 2.

chnology, Santa Cruz, CA, USA) and rabbit poly-

Apoptosis grades were significantly increased

clonal antibody against rat FasL (1:1,000 dilution,

only in the H60 6-h group compared to the control

Santa Cruz Biotechnology). Protein was detected

group (1.83±0.17 vs. 0±0; P =0.001). They were

with horseradish peroxidase-conjugated secondary

significantly reduced to 0.25±0.13 (P =0.000) after

antibody (1:2,000 dilution). Blot was visualized by

caspase inhibitor administration (CI group). The

using enhanced chemiluminescence (SuperSignal

apoptosis grading results are illustrated in Fig. 2.

West Pico Chemiluminescent Substrate, Pierce Bio-

2) Caspase 3 activity in intestinal samples

technology, Rockford, IL, USA). A scanning densi-

Caspase 3 activities were significantly higher in

tometer (X-Omat 2,000 film processor, Kodak,

the H30 and H60 4-h groups than in the 4-h

Rochester, NY, USA) was used for semiquantitative

control group. These activities were significantly

analysis of the data.

higher in the H30 and H60 6-h groups than in the
6-h control group but significantly lower in the CI

8. Statistical Analysis

group than in the H60 6-h group (Fig. 3).

For histologic NEC scores and TUNEL scores,

2. In vitro experiments

analyses were performed using the Mann-Whitney
U test. For caspase-3 activity, the percentage of

1) Apoptosis in IEC-6 cells

apoptotic cells and protein ratios, analyses were

Cells treated with endotoxin+hypoxia revealed a

performed using the t test. All statistical analyses
were conducted with a statistical program, SPSS
12.0 K for Windows (SPSS, Chicago, IL, USA). All
numerical data are expressed as mean±SEM. Statistical significance was set at P <0.05.

Results

1. In vivo experiments

1) Distribution of NEC and apoptosis grades
NEC grades were significantly higher in the H60
6-h group than in the 6-h control group (1.50±
0.22 vs. 0.25±0.16; P =0.005). NEC grades >1
were identified in half of the H60 6-h group.
Therefore, we selected the insults for experimental
NEC as those adopted in group 6. After we administered Z-DEVD-FMK (BD Bioscience), a caspase
inhibitor, at T0, T2 and T4 to 12 rats that underwent the same insults as the H60 6-h group, NEC
grades were reduced to 0.50±0.15 with a statistically significant difference (P =0.010). The NEC

Fig. 2. Distribution of NEC and grades of apoptosis
grades in each group. Panel A shows the distribution
of NEC scores and panel B the distribution of
apoptosis scores. Group designations are as follows:
1, the 4-h control group; 2, the H30 4-h group;
3, the H60 4-hgroup; 4, the 6-h control group; 5,
the H30 6-h group; 6, the H60 6-h group; 7, the
*
†
caspase inhibitor group ( P <0.05, and P <0.01,
Mann-Whitney U test).
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Fig. 3. Caspase 3 activity in the intestine according to the experimental groups. All endotoxin+hypoxia-treated groups showed significantly increased caspase 3 activity compared to the control groups.
*
Statistically significant difference at P <0.05 (t test). Abbreviation :
CI, caspase inhibitor.

3) Immunoblot in IEC-6 cells
We checked Fas, Fas-L, Bax, and Bcl-2. Fas
and Fas-L did not show any significant changes
throughout the experiments (data not shown). Endotoxin+hypoxia-treated cells showed significantly
increased Bax/Bcl-2 ratios in the 6-h through
48-h groups compared to the 0-h control group
(Fig. 4).

Discussion
Fig. 4. Significantly increased Bax/Bcl-2 ratios in
the endotoxinthypoxiz-treated groups compared to
*
the control groups at 6 through 48h ( P<0.05, and
P<0.01, t test).

The aims of this study were to develop a model
for NEC in the neonatal rat using endotoxin+hypo-

significantly increased percentage of TUNEL-posi-

xia insults and to investigate the role of apoptosis

tive cells compared to the 3-h and 6-h control

as the underlying molecular mechanisms in this

group. The difference was reduced at 12 h without

model. We established a neonatal rat model of early

any statistical significance and then increased again

NEC by oral endotoxin administration followed by

at 24 h and 48 h.

2 sessions of 60-min hypoxia insults. Intestinal

2) Caspase 3 activity in IEC-6 cells

tissue revealed increased apoptosis and caspase-3

Caspase 3 activities in the endotoxin+hypoxia-

activity in the NEC group. Grades of both NEC and

treated groups increased significantly compared to

apoptosis were significantly reduced by caspase-

the control groups at 6 h through 24 h. In the 48-h

inhibitor treatment. IEC-6 cells exhibited increased

group, caspase 3 activities in the endotoxin+hypo-

apoptosis and caspase 3 activity after endotoxin+

xia-treated groups were reduced to similar levels

hypoxia treatment. The cells displayed significantly

as the control groups.

increased Bax/Bcl-2 ratio compared to control cells.
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The majority of NEC patients are preterm infants.

xin administration in order to mimic enteral coloni-

We used early newborn rats in our experiments.

zation. At birth, the intestine is in a sterile environ-

The gastrointestinal tract in rats at birth is more

ment, and no cases of NEC have been described in

10)

immature than that in humans at birth . In humans,

utero, supporting the importance of bacterial coloni-

the crypts and villi of the small intestine become

zation in the pathophysiology of NEC14). Recent evi-

organized and functional by the end of the first

dence suggests that contamination and colonization

trimester; however, in rodents, crypts are formed

of nasogastric feeding tubes in formula-fed prema-

11)

. Postnatal maturation of the intestinal

ture infants predispose some infants to develop

mucosa in the rat occurs during the first 3 weeks

15)
NEC . Accumulating evidence suggests that bac-

after birth

12)

after birth . We therefore considered that a model

terial cell wall products, such as endotoxin and lipo-

of NEC induced in the neonatal rat before the age

teichoic acid, activate specific toll-like receptors on

of 3 weeks could be relevant to human NEC.

the intestinal epithelium and activate the inflamma-

The exact etiology of NEC is still controversial,
and a variety of insults have been attempted to

tory cascade, leading to the final common pathway
of intestinal injury16, 17).

induce experimental NEC. Severe ischemia/reperfu-

We also determined whether our NEC model in-

sion involving transient occlusion of the mesenteric

volved apoptosis and caspase 3 activation. The

arteries4, 5), asphyxia and cold stress adopting brief

apoptotic process of the intestinal epithelium was

3, 6)

, PAF

verified in NEC animal models which used ischemia/

7, 8)
are examples
injection7), and endotoxin/hypoxia

3, 6)
reperfusion18, 19) or asphyxia+cold stress , but

of those insults. Severe ischemia involving ligation

not in models which used endotoxin and hypoxia.

or occlusion of the mesenteric arteries may be

Apoptosis grades were significantly increased in

unduly extreme conditions used to investigate the

our NEC model and caspase 3 enzymatic activities

pathophysiologic mechanism of human NEC. In

were also significantly increased. This was recon-

addition, it has been reported that the majority of

firmed by reduction in both NEC and apoptosis

NEC cases are not associated with profound im-

grades after caspase inhibitor administration. There

anoxia combined with 4℃ cold injury

13)

. Asphyxia and

have been several studies on caspase 3 activation

cold stress are another set of insults which are

during intestinal mucosal apoptosis. Superior me-

used widely; however, it does not reflect conditions

senteric artery occlusion and reperfusion in rabbits

that occur in the clinical setting. Injection of a large

increased intestinal mucosal apoptosis but did not

dose of PAF into systemic circulation is clearly

3)
increase caspase 3 activity20). Jilling et al. demon-

very different from the likely profile of endogenous

strated caspae 3 activation in an asphyxia+cold

pairment in intestinal perfusion

7)

stress model. Our early NEC model using oral

PAF release .
Caplan et al.8) induced NEC in adolescent rats
with 60-100 g weight adopting intravenous endo-

endotoxin+hypoxia also showed increased apoptosis through caspase 3 activation.
In vitro experiments have indicated that endoto-

toxin and 90-min 5% hypoxia using a ventilator.
7)

first reported the study which that

xin+hypoxia induces caspase 3 activity and apop-

NEC-like lesion could be produced in neonatal pig-

tosis of IEC-6 cells. Caspase 3 activity began to

lets by combining much more clinically plausible

rise from 6 h, peaked at 24 h, and reduced to the

insults of moderate hypoxia (10% oxygen) and en-

control level by 48 h. Thus, apoptosis which occur-

dotoxemia. We used rats, readily available experi-

red beyond 6 h was more likely to involve the cas-

mental animals, and chose the oral route for endoto-

pase-3-mediated pathway. As for the apoptosis-

Ewer et al.
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regulatory mechanism, we tested Fas/FasL and
18)

the use of much more clinically plausible insults may

suggested that PAF pro-

provide a suitable model for the investigation of

motes mucosal apoptosis via the FasL-mediating

the pathophysiology and therapeutic trials of NEC.

Bax/Bcl-2. Wu et al.

caspase 9 active pathway in the rat small intestine
after ischemia/reperfusion. PAF also contributes to

한 글 요 약

hepatic apoptosis and necrosis in an animal model
of alcoholic hepatitis through the Fas/Fas-L sys21)
tem . On the other hand, the regulation of entero-

목 적 : 경구 내독소와 저산소 자극을 이용하여 신생

cytes apoptosis after small bowel resection is re-

쥐에서 실험적 괴사성 장염(necrotizing enterocolitis,

22)

lated to the expression of the Bcl-2 family

. In

an asphyxia+cold stress NEC model, the Bax/Bcl-

NEC)을 유발하고 그 병태생리에서 세포자멸사의 역할
을 알아본다.
방 법 : 신생쥐에 경구로 내독소(5 mg/kg)를 투여하

2 ratio is markedly increased in the NEC group
compared to the control group . In our in vitro ex-

고 8% 저산소 자극을 주어 NEC를 유발하고 성공적으로

periments, Fas and Fas-L did not show any signifi-

NEC가 유발된 군에 caspase 억제제를 전처치하고 비교

cant changes; however, Bax/Bcl-2 ratio was signi-

하였다. 장 조직의 병리학적 분석은 hematoxylin-eosin

ficantly increased from 6 h to 48 h compared to 0

염색한 슬라이드로 하였고 세포자멸사는 TUNEL 염색

h. Therefore, it is assumed that the alteration of

과 장 조직 caspase-3 활성으로 분석하였다. IEC-6

Bcl-2 family member expression may be an impor-

세포주에 내독소와 저산소를 처리한 후 세포자멸사와

tant molecular mechanism through which increased

Bax, Bcl-2, Fas, FasL의 발현을 분석하였다.

6)

결 과 : 경구 내독소(5 mg/kg)와 반복적으로 60분간

enterocyte apoptosis occurs by endotoxin+hypoxia
have shown that PAF-treated

2회 투여된 8% 저산소 자극에 의해서 NEC와 유사한 장

IEC-6 cells activate apoptotic machinery via a me-

병변이 신생쥐에서 유발되었다. 장 조직은 세포자멸사와

chanism involving Bax translocation and collapse of

caspase-3 활성의 증가를 보여주었다. Caspase 억제

mitochondrial membrane potential, both of which

제 전처치에 의해서 세포자멸사와 NEC의 중증도가 모

are controlled by bcl-2 expression levels.

두 감소하였다. IEC-6 세포주도 내독소와 저산소 자극

23)

insults. Lu et al.

Specific pathophysiologic mechanisms through

에 의해서 세포자멸사와 caspase-3 활성의 증가를 보

which endotoxin+hypoxia insults culminate in inte-

여주었으며 Bax/Bcl-2 ratio가 유의하게 증가하였다.

stinal necrosis were not elucidated in our study.

결 론 : 경구 내독소와 저산소를 이용한 본 NEC 신생

They may involve ischemia/reperfusion injury of

쥐 모델은 caspase-3 활성에 의해 매개되는 장 상피세

the intestine because endotoxin+hypoxia reduce

포의 세포자멸사가 병태생리에 관여함을 보였다. 본 동

.

물모델은 임상에서 흔히 접할 수 있는 자극을 적용하였

The effects of endotoxin+hypoxia are ameliorated

기 때문에 그 병태생리와 치료적 시도의 연구에 더욱 유

7, 8)

8)

intestinal perfusion and mesenteric blood flow
7, 8)

by PAF antagonists

. Therefore, endogenous PAF

용하리라고 본다.

may contribute to endotoxin+hypoxia-induced intestinal necrosis.
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