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INTRODUCTION
Necrotizing enterocolitis (NEC) is a common and 
devastating gastrointestinal condition of  neonatal infants[1]. 
In spite of  extensive epidemiological, clinical, and basic 
research, the pathogenesis of  NEC remains elusive, and 
there is no effective preventative treatment for this disease. 
Several lines of  evidence suggest that neonatal risk factors 
of  prematurity, intestinal asphyxia/ischemia, formula 
feeding and bacterial colonization all contribute to the 
occurrence of  the disease[1-4]. These components probably 
act in concert to upset an already immature and delicate 
intestinal mucosal barrier[5]. 

Nitric oxide (NO) is a weak radical produced from 
L-arginine via the nitric oxide synthase (NOS) isoforms: 
the constitutive neuronal NOS (type Ⅰ, nNOS), the 
inducible NOS (type Ⅱ, iNOS), and the endothelial NOS 
(type Ⅲ, eNOS). The endogenous NO is important in 
defending against bowel injury and mortality[3,6]. Previous 
studies suggest an important role for iNOS in the 
pathogenesis of  NEC. These include the terminal ileum 
from rats with abnormal histology demonstrated increased 
iNOS expression[4,7]. Not all studies, however, have 
found inhibition of  NO production to be beneficial in 
septic animals or animals challenged with endotoxin. For 
example, Park et al[8] found that mice receiving a lethal dose 
of  endotoxin and L-NMMA died earlier and had increased 
lung, liver, and kidney tissue damage than mice receiving 
endotoxin only. A recent study[9] reported that iNOS 
knockout mice exhibited an aggravated intestinal injury 
and inflammation with enhanced neutrophil infiltration in 
response to acetic acid instillation. Qu et al[10] reported that 
constitutive NOS is the predominant NOS in the intestine 
and its activity is inversely correlated with the level of  
tissue injury. But these experiments were not conducted in 
newborn animals.

Therefore, the purpose of  the present study was to 
investigate the dynamic change and role of  nNOS and 
iNOS in neonatal rat with LPS-induced intestinal injury 
and to define whether NEC is associated with the levels of  
NOS in the mucosa of  the affected intestine tissue. 
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Abstract
AIM: To investigate the dynamic change and role of 
neuronal nitric oxide synthase (nNOS) and inducible 
nitric oxide synthase (iNOS) in neonatal rat with 
intestinal injury and to define whether necrotizing 
enterocolitis (NEC) is associated with the levels of nitric 
oxide synthase (NOS) in the mucosa of the affected 
intestine tissue. 

METHODS: Wistar rats less than 24 h in age received an 
intraperitoneal injection with 5 mg/kg lipopolysaccharide 
(LPS). Ileum tissues were collected at 1, 3, 6, 12 and 
24 h following LPS challenge for histological evaluation 
of NEC and for measurements of nNOS and iNOS. The 
correlation between the degree of intestinal injury and 
levels of NOS was determined. 

RESULTS: The LPS-injected pups showed a significant 
increase in injury scores versus the control. The 
expression of nNOS protein and mRNA was diminished 
after LPS injection. There was a negative significant 
correlation between the nNOS protein and the grade of 
median intestinal injury within 24 h. The expression of 
iNOS protein and mRNA was significantly increased in 
the peak of intestinal injury. 

CONCLUSION: nNOS and iNOS play different roles in 
LPS-induced intestinal injury. Caution should be exerted 
concerning potential therapeutic uses of NOS inhibitors 
in NEC.
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MATERIALS AND METHODS
Animal model
Wistar rats less than 24 h in age (mean weight, 6.24 ± 0.81 
g) were given an intraperitoneal (IP) injection of  5 mg/kg  
E coli O55:B5 endotoxin (LPS; Sigma Chemical Co., St. 
Louis, Mo, USA) or similar volume of  saline[11-13]. All pups 
were killed respectively at 1, 3, 6, 12 and 24 h after receiv-
ing LPS IP (n = 8). Control pups (n = 8) were killed at 1 h 
after saline IP. The pups which died before collection of  
the specimens were excluded from the study.

Specimens collection
All surviving animals were killed via decapitation. The 
gastrointestinal tract was carefully removed. The small 
intestine was then divided into two halves: jejunum and 
ileum. A 3 cm segment of  distal ileum 4 cm proximal to 
the ileocecal valve from each animal was cut, and fixed for 
histological evaluation of  NEC and immunohistochemical 
analysis. The rest of  the ileum was snap frozen at -80℃ 
for measurements of  mRNA. 

Experimental methods and analysis marker
NEC evaluation: The segment of  distal ileum was 
harvested, fixed in 4% paraformadehyde, embedded in 
paraffin, microtome-sectioned at 5 μm, and counterstained 
with hematoxylin and eosin for histological evaluation 
of  intestinal injury. Histological changes in the ileum 
were scored by a blinded evaluator and were assigned 
a necrotizing enterocolitis (NEC) score on a scale of  
0 to 4 as follows: 0 = normal, intact villous epithelium 
with normal histology; 1 = mild villous edema, with 
epithelial sloughing confined to the tips of  the villi; 2 
= mild midvillous necrosis; 3 = moderate midvillous 
necrosis, with crypts still readily detectable; and 4 = severe 
necrosis of  entire villi with complete absence of  epithelial 
structures[13,14].
Immunohistochemistry: The localization of  nNOS and 
iNOS was performed by the SABC immunohistochemical 
technique. The paraffin slices were routinely dewaxed 
and the antigens were retrieved by microwave. Intrinsic 
peroxidases were inactivated by 3% hydrogen peroxide 
solution. The slices were blocked at room temperature for 
10 min by normal goat serum. Primary antibody (rabbit 
anti-rat nNOS and iNOS antibody) in 1:200 dilution was 
added and left overnight at 4℃. The slices were then 
washed with PBS, and after biotinylated goat anti-rabbit 
IgG was added they were left at 37℃ for 35 min. They 
were then washed with phosphate-buffered saline (PBS) 
and avidin-peroxidase conjugates were added and they 
were then left at 37℃ for 35 min. They were then washed 
with PBS 3 times (5 min each time) and DAB solution 
was added for staining at room temperature. The reaction 
time (5 min) was controlled under the microscope. Slices 
were then routinely washed and gently restained with 
hematoxylin and sealed. (The above-mentioned antibody 
and reagent were purchased from Beijing Zhongshan 
Biotechnology Co., Ltd). For the negative control group, 
PBS was used instead of  rat nNOS and iNOS antibody. 
The cells with yellow-brown particle deposition in 
cytoplasm were judged to be positive.   
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Five clearly dyed slices at each time point were taken 
randomly. Then 5 random fields for every slice were 
selected under microscope (× 40), and the windows’ square 
was fixed. The contents of  nNOS and iNOS were semi-
quantitatively measured through optical density average by 
Meta Morph and computer image process software. 
RT-PCR for nNOS, iNOS and β-actin: Total RNA 
was extracted using the BiotragentsTM reagent (Sino-
American Biotechnology Co., Luoyang, China) and 2 μL 
RNAs were used to synthesize cDNA in the presence of  
an oligo dT 15-primer, RNase inhibitor and the AMV 
reverse transcriptase in a final volume of  20 μL. Sequence-
specific oligonucleotide primers(Bioasia Biotechnology 
Co., Ltd, Shanghai, China) were designed according to rat 
podocin, nNOS, sense: 5’-GAA TAC CAG CCT GAT 
CCA TGG AA-3’, antisense: 5’-TCC TCC AGG AGG 
GTG TCC ACC GCA TG-3’; iNOS, sense: 5’-ATC CCG 
AAA CGC TAC ACT T-3’, antisense: 5’-TCT GGC GAA 
GAA CAA TCC-3’); β-actin, sense: 5’-CAC CCT GTG 
CTG CTC ACC GAG GCC-3’, antisense: 5’-CCA CAC 
AGA TGA CTT GCG CTC AGG-3’. The expected 
size of  amplification was 602 bp for nNOS, 690 bp for 
iNOS and 314 bp for β-actin. PCR was performed in 
a 25 μL reaction system which contained 3 μL cDNA, 
17.1 μL ddH2O, 10 × PCR buffer 2.5 μL, 2.5 mmol/L 
dNTPs 2 μL, Taq DNA polymerase 0.2 μL (TaKaRa 
Biotechnology Co., Ltd, Dalian, China), 0.1 μL of  each 
primer. Amplification cycles of  nNOS were 94℃ for 3 
min, followed by 30 cycles at 94℃ for 30 s, 55℃ for 30 s 
and 72℃ for 1 min and terminated by a final extension of  
72℃ for 10 min. Amplification cycles of  iNOS were 95℃ 
for 1.5 min, followed by 45 cycles at 94℃ for 45 s, 55℃ 
for 45 s and 72℃ for 1.5 min and terminated by a final 
extension of  72℃ for 10 min.

The PCR products were subjected to electrophoresis 
with 2% agarose gel and stained with ethidium bromide. 
The band intensity was determined by gel image analysis 
system (Kodak 1D, USA). Relative concentrations of  
mRNA were normalized for β-actin. Expression levels 
of  nNOS mRNA and iNOS mRNA were calculated by 
dividing the intensity of  the internal control, β-actin. 

Statistical analysis
Software SPSS 11.0 for Windows was used in all statistical 
tests. Comparisons between the groups were calculated 
using one-way analysis of  variance (ANOVA), and all data 
are expressed as mean ± SD. When P was less than 0.05, 
the difference was considered statistically significant. The 
degree of  correlation was described using the Spearman’s 
rank-correlation test. 

RESULTS
Incidence and severity of NEC
There was a normal, intact villous epithelium with normal 
histology of  ileum tissue in the control group. Mild villous 
edema, with epithelial sloughing confined to the tips of  
the villi could be seen at 1 h following LPS injection, and 
midvillous necrosis was aggravated from top to the lower 
part and the amount of  the midvillous necrosis in neonate 
rats was increased with time. The most deteriorating 
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change was at 12 h and the incidence of  NEC was 87.5% 
(7/8). There was severe necrosis of  entire villi with 
complete absence of  epithelial structures. The injury score 
of  ileum tissue in the LPS group was also significantly 
increased than the control group pups (P < 0.01) (Table 1).

Expression of nNOS and iNOS proteins
The positive expression of  nNOS was mainly shown in the 
nerve plexus and nerve fiber of  the small intestinal wall. 
The myenteric nerve plexus had relatively higher levels 
of  nNOS expression in comparison with the submucous 
nerve plexus. The positive expression of  nNOS was de-
creased after LPS injection, and was significantly different 
at 6-24 h following LPS treatment (P < 0.01). The lowest 
level of  its expression was at 12 h (P < 0.001) (Table 2). 
There was a negative significant correlation between the 
nNOS and the grade of  median intestinal injury within 24 
h (γ = -1.000, P < 0.01). The iNOS protein was localized 
almost exclusively to the epithelial cells (enterocytes) in 
the surface villi, with some staining detected in the lamina 
propria. The positive expression of  iNOS in LPS group 
only increased at 12 h (P < 0.05) (Table 2). There was no 
a significant correlation between the nNOS and the grade 
of  median intestinal injury within 24 h (γ = 0.400, P > 0.05).

Expression of nNOS mRNA and iNOS mRNA 
Expression of  nNOS mRNA in ileual tissue was gradually 
diminished after LPS injection. The level of  its expression 
was significantly lower at 6 and 12 h (P < 0.05) (Table 
3, Figure 1). The expression of  iNOS mRNA was 
significantly increased at 6, 12 h following LPS treatment (P 
< 0.05) (Table 3, Figure 2). 

DISCUSSION
In the present study, we detected substantially lower levels 
of  nNOS in ileual tissue with complicated intestinal injury 
when compared with a cohort of  control rats. These 
findings demonstrated a potential role for a deficiency of  
nNOS in the progression of  NEC. There was a significant 
negative correlation between the levels of  nNOS and 
the degree of  intestinal injury. These results showed that 
decreased levels of  nNOS of  the ileum result in a dramatic 
increase of  the incidence and severity of  NEC. The iNOS 

Table 1  Scores of lesion on distal ileum morphology of 
neonatal rats (mean ± SD, n  = 8)  

Score
Control 
group

LPS group

1 h 3 h 6 h 12 h 24 h

0.12 ± 0.17 1.28 ± 0.62b 1.75 ± 0.74b 1.98 ± 0.75b 2.85 ± 0.41b 2.35 ± 0.63b

≥2 (n) 0 1 4 5 7 6

aP < 0.05, bP < 0.01 vs control group.

Table 2  Optical density of nNOS and iNOS in ileum of neonatal rats (mean ± SD, n  = 5)

                Control LPS group

                group 1 h 3 h 6 h 12 h 24 h

nNOS 0.3987 ± 0.0020 0.3975 ± 0.0020 0.3965 ± 0.0020    0.3896 ± 0.0021b 0.3806 ± 0.0031c    0.3836 ± 0.0027c

iNOS 0.3806 ± 0.0080 0.3832 ± 0.0060 0.3869 ± 0.0050   0.3870 ± 0.0070 0.3968 ± 0.0101a   0.3812 ± 0.0070

aP < 0.05, bP < 0.01, cP < 0.001 vs control group.

aP < 0.05, bP < 0.01 vs control group.

Table 3  nNOS mRNA and iNOS mRNA of ileum of neonatal 
rats (mean ± SD, n  = 8)

Control LPS group

group 1 h 3 h 6 h 12 h 24 h

nNOS 0.88 ± 0.23 0.72 ± 0.34 0.65 ± 0.32 0.39 ± 0.23b 0.47 ± 0.31a 0.64 ± 0.35

iNOS 0.70 ± 0.17 0.73 ± 0.19 0.75 ± 0.21 0.97 ± 0.23a 0.87 ± 0.29a 0.78 ± 0.22

4 53210M

690 bp
602 bp

Figure 1  Gene expression of nNOS in ileum of neonatal rats. 2% ethidium 
bromide stained agarose gel molecular marker (Kodak 1D) was used as an 
indicator. M: DNA Marker DL2000; 0: Control group; 1: LPS 1 h; 2: LPS 3 h; 3: 
LPS 6 h; 4: LPS 12 h; 5: LPS 24 h.

4 53210M

690 bp

314 bp

Figure 2  Gene expression of iNOS in ileum of neonatal rats. 2% ethidium bromide 
stained agarose gel molecular marker (Kodak 1D) was used as an indicator. M: 
DNA marker DL2000; 0: Control group; 1: LPS 1 h; 2: LPS 3 h; 3: LPS 6 h; 4: LPS 
12 h; 5: LPS 24 h.
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mRNA and protein expression was significantly increased 
during the peak of  intestinal injury. The production of  
NO may lead to consequent enterocyte necrosis, gut 
barrier failure with further bacterial invasion, and damage 
to the intestinal wall.

NEC is the most frequent and most lethal disease 
that affects the gastrointestinal tract of  premature infants 
in neonatal intensive care units, with reported mortality 
of  10%-30%[15,16]. The reasons for a predilection for 
prematurity are unclear, but an immature mucosal barrier 
and immune response likely contribute to the premature 
neonates’ susceptibility[3,5,17]. Perinatal insults that impair 
mesenteric circulation may therefore induce intestinal 
mucosal injury and permit local intestinal microbial flora to 
breach the mucosal barrier. This process, in turn, initiates 
an inflammatory cascade leading to NEC[15,18,19]. 

Over the past decade, an abundance of  research 
has been directed toward the role of  NO in intestinal 
inf lammation. NO can exer t both benef ic ia l and 
deleterious effects and that NOS exists in three distinct 
isoforms: constitutively expressed nNOS and eNOS or 
iNOS[6]. More than 90% of  the total NOS in the small 
intestine is nNOS. Although iNOS is constitutively 
present, it accounts for less than 10% of  the total NOS 
activity, and eNOS is barely detectable in the intestine[3,10,20]. 
iNOS is induced by cytokines or endotoxin and produces 
large amounts of  NO. 

The main function of  nNOS in the intestine is 
generally believed to be mediation of  the neuronal signal 

transmission in the NANC components of  the nervous 
system and regulating gut motility. Since eNOS accounts 

for only a very small part of  intestinal NOS activity, it is 
possible that nNOS in the intestine also functions as the 
protective eNOS[21].

In the intestine, constitutive NOS may have important 
physiological functions. The relatively small amounts of  
NO production by constitutive NOS have been implicated 
as scavengers of  oxidants that may thus protect an 
organ in the early stages of  injury. For example, NO 
may protect the gastrointestinal mucosa from a variety 
of  stimuli including endotoxin by maintaining mucosal 
perfusion, inhibiting leukocyte and platelet adhesion to 
the endothelium, preventing mast cell activation, and 
acting as an antioxidant[6,22-24]. Our present study showed 
that the positive expression of  nNOS was decreased after 
LPS injection, which was significantly different at 6-24 h 
following LPS challenge. The lowest level of  its expression 
was at 12 h. There was a negative significant correlation 
between the nNOS and the grade of  median intestinal 
injury within 24 h. The expression of  nNOS mRNA in the 
ileum tissue was gradually diminished after LPS injection. 
LPS may downregulate the expression of  nNOS mRNA in 
damaged ileum and may lead to decreased NO production, 
which results in impairment of  endogenous protective 
mechanisms in the mucosal barrier[3,6,25]. It may be one of  
the most important mechanisms resulting in NEC. 

The overproduction of  NO by iNOS can interact 
with other reactive oxygen metabolites, such as super-
oxide, resulting in the propagation of  the highly reactive 
species, peroxynitrite[26,27]. This potent oxidizing agent 
can initiate lipid peroxidation and thus produce extreme 

gastrointest inal mucosal damage and injur y [4,9,28]. 
However, recent studies have challenged this simple 
paradigm providing evidence that iNOS could also be 
protective against inflammatory response under certain 
circumstances[9]. McCafferty et al[29] reported that iNOS 
deficiency was not important in IL-10 deficient mice with 
spontaneous chronic intestinal inflammation. Our data 
showed that the positive expression of  iNOS protein only 
increased at 12 h and the expression of  iNOS mRNA was 
significantly increased at 6, 12 h following LPS injection. 
The iNOS mRNA and protein expression was significantly 
increased in the peak of  intestinal injury. The production 
of  NO may lead to consequent enterocyte necrosis, gut 
barrier failure with further bacterial invasion, and damage 
to the intestinal wall. However, the present study failed to 
show a clear correlation between the nNOS protein and 
the grade of  median intestinal injury. 

In conclusion, the nNOS and iNOS play different roles 
in neonatal rats with LPS-induced intestinal injury. Caution 
should be exerted concerning potential therapeutic uses of  
NOS inhibitors on NEC.
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